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A B S T R A C T
This thesis is divided into two volumes, linked by a common interest in the redox 
activity of two planar N4 donor systems. Volume 1 is devoted to the carbocyclic organo-soluble 
a-dioximato chelating agents CsdoH2 and C]2doH2, and their pseudo-macrocyclic complexes 
with the late transition metals Ni, Pd, Pt, Rh, Ir, Ru and Au. Volume 2 examines complexes of 
the tetraaza[14]annulene macrocycle H2tmtaa, focusing on the d8 triad, Ni, Pd and Pt, but 
incorporating Cu and Zn derivatives where appropriate. The electronic behaviour of the two 
chelate systems and their metal complexes is investigated primarily by spectroscopic and 
voltammetric techniques, prompted by recognition of the ability of the pseudo-macrocyclic and 
macrocyclic systems alike to stabilise unusual oxidation states. For example, binuclear Pt111 
compounds have been sought in both families. These experiments are complemented by 
extensive X-ray crystallographic studies to define and compare the dimensions of the rectangular 
N4 cavities. This sustained interest in coordination geometry provides a further common thread 
between Volumes 1 and 2.
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Volume 1
Chapter 1 introduces the chemistry of a-dioximato complexes, reviewing previous 
structural and spectroscopic studies which largely involve the archetypal ligand, 
dimethylglyoxime. The organo-soluble carbocyclic a-dioxime chelates are introduced.
Chapter 2 describes the preparation of starting materials and instrumental methods. 
Electrochemical and spectroelectrochemical techniques used extensively in this work are 
emphasised.
Chapter 3 reviews the electrochemical and spectroelectrochemical properties of the 
[M(CndoX)2] complexes (M = Ni, Pd, Pt and Cu; n = 8, 12; X = H, BF2). New spectroscopic 
evidence challenges previous assertions that oxidation of the d8 metal centres involves ligand- 
based electron transfer (while the copper complexes undergo true Cu1171 and Cu117111 processes).
Chapter 4 explores this issue further by investigating the course of chemical oxidation of 
the d8 Cs and C12 complexes. The unsupported Ptm dimers, [Ptm (CndoH)2Cl]2, are described.
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Only a handful of such Ptni-Ptni dimers are known, including the ß-diketonato di-platinum 
dimers also discovered in this laboratory. Comparative 195Pt NMR studies of the a-dioxime 
and ß-diketonato complexes of Ptu , Ptm and PtIV are described and the 195Pt chemical shifts 
correlated with the propensity for P ^ -P t111 bond formation.
Chapter 5 describes characterisation of a range of new Cs and C12 compounds involving 
tervalent Ru, Rh and Ir. The dimethylglyoxime analogues are also described where reports on 
these are lacking in literature. The primary emphasis is on the electrochemical behaviour of 
these complexes. The unsupported Rh11 dimer [Rhn(CgdoH)2(PPh3)]2, isoelectronic with the 
Ptni dimers described in Chapter 4, is shown to form in situ in the spectroelectrochemical thin- 
layer OTTLE cell. Attempts to chemically synthesise the dimeric compound which is strictly 
analogous to [Rhn(dmgH)2(PPh3)]2, are also detailed.
Chapter 6 presents X-ray crystal structures of thirteen carbocyclic a-dioxim ato 
complexes, and of the parent a-dioxime, CsdoE^. Literature comparisons are made where 
appropriate, and emphasis is given to systematising the variations in rectangularity of the 
(O-H-O)-strapped N4 cavity.
Volume 2
Chapter 7 describes the synthesis and characterisation of the tetraazaannulene ligand 
H2tmtaa and its Ni, Pd and Pt complexes, and presents new crystallographic studies of the d8 
complexes. Most notably these results overturn the long-standing assumption that [Ni(tmtaa)] 
adopts the saddle conformation while enhanced ligand-field effects dictate strictly planar 
coordination for the d8 Pd and Pt ions. The [Pd(tmtaa)] and [Pt(tmtaa)] complexes are each 
shown to exist both in chair and saddle forms. The structure of the novel complex trans- 
[PtIV(tmtaa)Cl2] is also elucidated.
Chapter 8 addresses attempts to detect the alternative conformations of [Pd(tmtaa)] and 
[Pt(tmtaa)] by other solid-state and solution techniques. Preliminary ab initio GAUSSIAN 
calculations for [Pd(tmtaa)] and [Pt(tmtaa)] also predict the two distinct conformational minima 
corresponding to the chair and saddle shapes. Monitoring reactions of [Pt(tmtaa)] with 
oxidising agents by 195Pt NMR as yet provides no evidence for an unsupported Pt111 dimeric 
compound involving this ligand. The 195Pt data are compared to those of the corresponding a- 
dioximato and ß-diketonato complexes discussed in Chapter 4.
Chapter 9 describes the redox behaviour of the [M(tmtaa)] series (M = Ni, Pd, Pt, Cu). 
The reductions are examined spectroelectrochemically for the first time. The results suggest that 
for the d8 complexes these processes are ligand-centred (contrary to previous supposition). An 
empirical frontier-orbital mapping scheme constructed from the voltammetric and optical data is 
proposed. The scheme thus derived is substantiated by density functional (ADF) calculations 
carried out on the idealised (flat) {taa}2' macrocycle.
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Prelude 1
PRELUDE
T w o chelate system s form the central focus o f study in this thesis, nam ely the 
p seu d om acrocyclic  b is -(a -d io x im a te ), {C nd o H } 22", and the d ianionic m acrocyclic  
tetraaza[14]annulene, {tmtaa}2*. Both systems have commanded intensive investigation in the 
past due to their ability to mimic important aspects o f naturally occurring m acrocycles, such as 
the haems and corrins. However, the biological ramifications o f these systems has not been the 
prime motivation for the work discussed here. Rather, it is to the fundamentals o f electronic 
composition and the consequent redox active nature o f the chelates and their transition metal 
com plexes that attention is primarily focussed. For although both ring system s provide a 14- 
membered, dianionic N 4 donor set, giving rise to resonance-stabilised planar com plexes, 
difference in the patterns o f conjugation and electron distribution within the macrocycles have a 
marked influence on the way the tw o fam ilies behave, not only ch em ica lly , but 
electrochemically. Nowhere is this more evident than in the quest for unsupported {Ptm -PtnI} 
dimeric com plexes (stabilised by one, but not, it appears, by the other), and in the related search 
for isoelectronic {Rhn-Rhn } species - a theme which firmly links the chemistry past and present 
of the bis-a-dioxim e and tetraazaannulene systems.
To this end, the techniques o f electrochemistry (especially voltammetry) and optical 
spectroscopy com e to the fore because they measure molecular electron transfer and electron 
promotion, respectively, thus permitting an investigation o f the electronic and structural features 
which promote and inhibit electron transfer reactions. The developm ent o f the Optically 
Transparent Thin-Layer Electrochemical (OTTLE) cell has made possible in situ measurement of 
the solution spectra o f electrogenerated com plexes, and the routine use o f chilled non-aqueous 
solvents for these experiments has resulted in the stabilisation and characterisation o f  a range o f  
hitherto unknown com plexes. It has been possible to record the U V -visib le spectra o f the 
com plexes as a function o f their successive oxidation states. Questions regarding the site o f  
redox activity (i.e., metal-centre or resonance-stabilised ligand) for superficially isovalent 
com plexes are extensively addressed throughout this thesis and this has lead naturally to a need
[M(CndoH)2] [M(tmtaa)]
Prelude 2
to describe/visualise the frontier-orbital region in realistic terms. Thus attempts to model the 
electronic structure of the chelates in the form of a description of the frontier orbitals are pursued 
explicitly, particularly in the case of [M(tmtaa)] where it has been possible to carry out a 
systematic study of related, readily accessible 3d, 4d and 5d metal chelates.
Finally, the ability to isolate a wide range of novel compounds employing these chelates 
has allowed an extensive study to be undertaken involving X-ray crystallographic analysis of the 
compounds as a function of metal identity and oxidation state. Emphasis is given in particular to 
systematising variations in the rectangularity of the N4 cavity.
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1.1 INTRODUCTION
The transition metal chemistry of planar bis(a-dioximato) complexes, which 
adopt the general structure shown in Figure 1.1, was first brought to prominence in 
1905 when the Russian chemist Tschugaev discovered the reaction between Ni2+ salts 
and dimethylglyoxime (dmgH2) which formed a red insoluble Ni2+ complex.1 The 
variety of metals able to participate in complex formation was shown to be widespread“ 
involving almost all groups in the periodic table.
Figure 1.1 The bis( a-dioximato ) complex
R, R' = Me, Ph, carbocyclic (e.g., cyclohexyl)
M = Co, Ni, Pd, Pt, Cu
The bidentate nature of these a-dioximes was correctly identified although the 
chelate ring size remained uncertain, being postulated as a six or seven membered ring 
(via donor O and N atoms) before being accepted as a five membered formulation.
According to the concept of geometrical isomerism first proposed by Hantzsch
a
and Werner, the symmetrically substituted dioximes (those where R=R') should exist 
in three isomeric forms. For free dioximes in which the attached groups (R, R') are 
aromatic, the three predicted isomers are known. These exist due to the different spatial 
arrangement of the groups attached to the C=N moiety and are illustrated in Figure 1.2. 
Of these, the a  molecule is the only one to form the characteristic red Ni2+ compound 
directly. The ß form is incapable of reacting with metallic salts and this is believed to 
be because the N atoms are not accessible to the metal ion. The y form gives a yellow 
or yellow/green compound with Ni2+, and in these complexes it is thought that the H 
atoms of both dioxime groups are replaced by the metal.4 The complexes formed with 
y-dioximes are not well-defined; they are stable in the presence of alkalis,4 but on 
contact with acid are converted into the red, stable, isomeric compounds of the a- 
dioximes.
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HO OH OH OH HO HO
Anti or a  Syn or ß Amphi or y
Figure 1.2 Schematic of the three predicted isomeric forms of the 
symmetrically substituted a-dioximes.
All the early evidence for the behaviour of the three isomeric forms of dioximes 
necessarily focussed on di-aryl compounds and involved study of their interaction with 
Ni2+. The single crystal X-ray structure5 and the structure obtained by neutron 
diffraction6 are both documented for dmgH2 ; these show that the dimethylglyoxime 
molecule occurs exclusively with the trans orientation in the solid state, as illustrated in 
Figure 1.3.
H O ------N CH3
Figure 1.3 Schematic of the trans orientation of dmgH2 
which occurs exclusively in the solid state.
However, when dmgH2 is dissolved, it can rotate about the central C-C bond 
resulting in the cis (i . e anti or a) configuration.5 For although dimethylglyoxime 
cannot be isolated as discrete isomers in the solid state, all three geometrical isomers 
have been isolated for diphenylglyoxime and other dioximes with aromatic substituents 
in place of the methyl groups.
The earliest documented work on dimethylglyoxime was largely concerned with 
its importance in the field of analytical chemistry. The insolubility of the complex 
formed with Ni2+ in aqueous media is well established and made possible the use of a- 
dimethylglyoxime as an analytical reagent for the gravimetric determination of nickel. 
Since this discovery, various other dioximes have been investigated and developed as 
analytical reagents. Table 1.1 outlines some of the dioximes used to detect and 
determine a variety of metals.1,2
Chapter 1 6
a-dioxime metals determined
dimethylglyoxime Au, Bi, Ce, Co, Cu, Fe, Ni, Pd, Pt,
Me-C(=NOH)-C(=NOH)-Me Re, Rh, Sn, V
diphenylglyoxime Ni, Pd
Ph-C(=NOH)-C(NOH)-Ph
1,2-cyclohexanedione dioxime 
I C4H8
*-C (=N O H )-C (= N O H ) -*
Ni
a-furildioxime Ni, Pt
C4H 30-C(=N0H )-C(=N0H )-C4H 30
benzylmethylglyoxime Ni, Pd
PhCH2-C(=NOH)-C(=NOH)-Me
benzoylmethylglyoxime Pd
PhCO-C(=NOH)-C(=NOH)-Me
oxalenediamidoxime Ni
H2N-C(=NOH)-C(=NOH)-NH2
phenylglyoxime Cu, Ni
Ph-C(=NOH)-C(=NOH)-H
Table 1.1 Some a-dioximes and their use as analytical reagents.
In the 1960’s, Schrauzer discovered a very different and important aspect of the 
chemistry of dimethylgyoxime;7'9 the Co2+ complex was found to be a remarkably 
successful model for ‘cobalamin’, the corrinoid active state of vitamin B12 . The study 
of the coordination chemistry of cobalamin was initiated by the discovery of Barker et 
al. in 1958 that the coenzyme form of vitamin B12 contained an adenosyl group linked 
to Co by a direct Co-C G-bond.10 Until that time only very few compounds with Co-C 
G-bonds were known and all had proved to be sensitive to heat, air and protic 
solvents. ’ This unusual organocobalt chemistry was for some time believed to be a 
consequence of specific electronic effects of the corrin ligand system on the metal atom, 
and prompted efforts to find alternative cobalt complexes capable of forming stable 
organometallic derivatives which could simulate the principal reactions of the Co atom. 
Schrauzer discovered that bis(dimethylglyoximato)cobalt chelates exhibit many
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reactions of the Co2+ ion in the corrins and he named these ‘cobaloximes’.11 An 
intrinsic feature of the dmgH2 chelates is the pair of interligand hydrogen bonds which 
“strap” the system together into what may be thought of as a ‘pseudo-macrocycle’, 
closely relating these oxime complexes to the Co-corrins under investigation. This led 
to the synthesis of a huge variety of substituted alkylcobaloximes, and to the study of 
the numerous, varied reactions in which they participate.
These two important aspects of a-dimethylglyoxime and its complexes i.e., 
analytical and bio-inorganic, have resulted in further investigations which have wider 
implications in general areas such as structure, stability and reactivity of these 
coordination complexes. For example, in an effort to understand the specificity of 
dmgH2 as an analytical reagent for Ni2+,12 many groups of workers undertook to 
investigate the crystal and molecular structures of relevant metal complexes. In 
particular, the determination of the single crystal X-ray structure of [Ni(dmgH)2] 
showing close Ni -Ni interactions, prompted researchers to a more thorough 
investigation of the molecular and solid state structure of this complex in order to 
determine whether these close contacts were real bonding interactions, or whether they 
were a consequence of packing in the crystal lattice. This research has incorporated 
many branches of chemistry, especially electronic and vibrational spectroscopy, 
thermochemical solution studies to investigate heats of solution and therefore lattice 
energies, and X-ray crystallography of further derivatives. However, despite the time 
and effort generally devoted to these complexes, and despite the number of well- 
characterised a-dioximes which might have been employed, the majority of work has in 
the past involved the study of the bis(dimethylglyoximato), i.e., dmgH-, metal 
complexes - in particular the physical properties of [Ni(dmgH)2], [Cu(dmgH)2] and the 
Schrauzer cobaloxime-type compounds. An exception to this is the diphenylglyoximato 
analogues which have also been investigated in the pursuit of new materials that have 
one dimensional chain structures which exhibit semi-conducting properties.14,15
More recently, the chemistry of these planar metal chelates came under scrutiny 
in relation to developmental work at the Petrochemicals and Plastics Division at I.C.I. 
(Runcorn, UK). In the mid-to-late 1980’s, in a collaboration between I.C.I. and workers 
in this laboratory,16 the potential catalytic activity of a number of different metal 
chelates was investigated in relation to the “Activation Process” developed by I.C.I. in 
the production of polyvinylchloride or P.V.C. - one of the most common man-made 
polymers in use today with wide ranging applications in the plastics industry. The 
present method for the industrial synthesis of all types of P.V.C. invariably involves a 
radical-initiated and radical-propagated polymerisation of an aqueous suspension or
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micro-suspension of vinyl chloride. Until the development of this “Activation Process” 
involving a one-electron redox reaction between the peroxide and a metal chelate:
ROOR + M RO + RO + M
Mn+ = redox active metal chelate
the process had depended critically on the temperature at which the reaction was carried 
out - both in forming radicals from the chosen organic initiator, and in determining the 
molecular weight of the polymer isolated (the radicals are only formed above a certain 
threshold temperature, and this restricts the ability to run the reaction in the optimum 
range required for molecular weight control).
The chelates investigated for their potential catalytic activity in the synthesis of 
P.V.C. usually involved ligands with N or O donors such as Co(phen)3Cl3 (phen = 
1,10-phenanthroline) and bis(butanedionemonoximato)Cun ([Cu(MeCOC(NO)Me)2]). 
However, the system which proved most effective was [Cu(dmgH)2]. The nature of 
the reduced Cu2+ species involved in the critical production of radicals in the 
polymerisation process was unknown, and it could not be assumed that the Cu2+/Cu1 + 
redox couple was controlling the redox activity of the metal chelate because early 
empirical results indicated that [Zn(dmgH)2] also promoted the process. This implied 
that the electron transfer processes might be ligand- rather than metal-based given the 
redox-inactive nature of the Zn2+ (d10) cation.
With the nature of the catalytic activity in these systems poorly defined, an 
investigation of the electrochemical properties of [Cu(dmgH)2] (in particular) became 
of fundamental interest in order to establish an understanding of its role in the catalytic 
cycle, and to define the features of its molecular structure crucial to this catalytic 
activity. However, this highlighted one of the fundamental difficulties encountered 
with dmgH2 complexes - namely insolubility. Despite all the time expended on the 
physical characterisation of these complexes over the last century, one of the obvious 
gaps in the development of a-dioxime chemistry has been the lack of a comprehensive 
study of the electrochemical properties of these complexes. Consequently, although 
electrochemical investigations of [Cu(dmgH)2] had been carried out in the past, these 
had been restricted to the cathodic electrochemistry in aqueous solution.18,19 In 
addition, the redox behaviour in protic media was shown to be very complicated and 
critically dependent on the pH of the solution. In a further investigation of the redox 
properties of this complex and its role in the catalytic cycle, it was desirable to restrict
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initial electrochemical studies to aprotic media. The ability to study such materials in 
non-coordinating solvents was of particular interest as this eliminates not only the solid- 
state interactions so prevalent in dmgH2 complexes, but also the solvent/metal complex 
interactions inescapable in alternative polar media.
With the well-known limited solubility of metal-dmgH' complexes in organic 
solvents (negligible in the case of [Ni(dmgH)2]), it became necessary to develop ligands 
with increased solubility in media such as dichloromethane. For this reason, the 
synthesis of a series of bis(dioximato) metal complexes with greatly enhanced organo- 
solubility was undertaken. In doing so, one of the prerequisites for developing ligands 
with the desired solubility properties was that substituents be chosen which maintained 
an electronic environment similar to that of [M(dmgH)2] within the chelate ring. This 
was achieved by changing the substitution on the basic dioxime fragment (i.e., R and R' 
in Figure 1.1) and dioxime ligands derived from large cycloalkane rings were prepared 
resulting in the synthesis of the series of dioximes shown below (Figure 1.4).
(CH2) n.2
L
I I
N N
H O ^  ^ O H
Figure 1.4 The organo-soluble 
a-dioximato ligands;
ring size: n = 6, 8, 12.
As the systematic names for these ligands are cumbersome, the following 
abbreviations have been adopted:
C8doH2 =1,2 cyclooctanedione dioxime and CsdoFh its anion 
Ci2doH2 = 1,2 cyclododecanedione dioxime and CndoFF its anion
where ‘do ’ represents the cycloalkane dione dioximato dianion, and H is the residual 
accompanying proton. Likewise, the BF2+-substituted materials, i.e., bis(difluoroboro- 
1,2-cyclooctanedione dioximato and its analogous 1,2 cyclododecanedione complexes
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(to be described below) have been abbreviated to [M(CsdoBF2)2] and [M(Ci2doBF2)2L 
respectively. (The Cß substitution did not substantially improve solubility and was 
therefore not pursued further, see §1.3.1.)
The design of these organo-soluble chelates in turn led to the synthesis and 
comparison of the electrochemical properties of the Cu2+ complexes of these ligands 
with the Ni2+, Pd2+ and Pt2+ analogues, to be discussed in Chapter 3.16 For the first 
time, the chemical properties of the a-dioxime class of compounds could be extensively 
studied in solution, using such techniques as NMR and UV/VIS/near-IR spectroscopy, 
and also by a variety of electrochemical experiments which had previously been 
inaccessible with the insoluble [M(dmgH)2] complexes.
1.2 SIGNIFICANT DEVELOPMENTS IN THE ELUCIDA TION 
OF THE MOLECULAR AND SOLID STATE STRUCTURE OF 
BIS( 0C-DIOXIMA TO) METAL COMPLEXES
Given the vast amount of research into the dimethylglyoximato metal chelate 
complexes where lack of solubility had imposed notable restrictions on the methods of 
characterisation, the study of the newly synthesised series of a-dioximato complexes 
with enhanced solubility in aprotic solvents is of considerable general interest. It is 
worthwhile therefore to review past solid-state studies of the a-dioximes and to put 
these into the context of more recent discoveries.
1.2.1 X-Ray Structural Data
The detailed structure of a sizeable number of metal dioxime complexes is 
known from single crystal X-ray studies although it was noted by Godycki back in 1953 
that the task of growing suitably large crystals for X-ray study was often a difficult 
process. In 1974, Chakravorty reviewed this work and concluded that in almost all 
cases the grossly planar ligand moiety shown in Figure 1.1 is confirmed.20 Depending 
on the metal concerned and its oxidation state, additional ligands may be 
accommodated on one or both of the axial positions. In the absence of additional axial 
ligands, intermolecular axial interactions are a persistent and important feature of the 
solid state structures. Table 1.2 summarises a variety of crystallographic determinations 
involving bis-dioximes indicating the important features of each. Limited information 
is also available on analogous tris complexes such as the crystal structure of tris( 1,2- 
cyclohexanedionedioxime)Ni2+ sulphate dihydrate which established that the nickel ion 
is bound in a distorted octahedron by the six N atoms of the three neutral dioxime
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ligands. The formation of interligand hydrogen bonds within the complex is prevented 
by the nature of the octahedral structure.21 A similar octahedrally coordinated Co3+ 
complex has been structurally elucidated. This incorporates a diaminoglyoxime ligand 
coordinated in its neutral form.
The X-ray analyses of the bis(a-dioximato) chelates emphasise some interesting 
common structural features; all the chelates studied exhibit a planar rectangular MN4 
moiety with short bridged intra-ligand 0 - 0  distances, and some have short 
intermolecular M -M  distances. In general, it is not only the MN4 moiety which is 
planar, but the M(N2C2)2 moiety is also planar, which means that deviations from total 
planarity result only from the varied orientations of the substituents.
The discovery of the short intramolecular H-bridged 0 - 0  distances initiated 
efforts to fully characterise these hydrogen bonds, since it was thought that they play an 
important role in the stability of the complexes. The data presented in Table 1.2 
indicate that oxygen atoms are usually found to occur at 0 - 0  distances ranging from 
2.4 to 2.7 Ä; 0 - 0  separations less than 2.4 Ä are improbable due to mutual repulsion. 
Lippincott and Schroeder suggested that a maximum O-H vibrational frequency occurs 
for an 0 - 0  distance of 2.45 Ä, which they postulated corresponded to a symmetrical 
hydrogen bond. The question of the symmetry of the H-bonds of [Ni(dmgH)2] 
became a fiercely debated topic, as over a time span of approximately thirty years both 
asymmetric and symmetric bis(dioximato)Ni2+ complexes were reported. See for 
example references15,24'30. Despite both symmetric and asymmetric H-bonds being 
proposed, the general consensus was that the crystallographic data (in conjunction with 
the spectroscopic evidence available; see §1.2.2) suggested that the Ni2+ chelates 
possessed symmetrical hydrogen bonds, while for all the other complexes it was 
thought they were probably asymmetric. The main point to note, however, is that none 
of the X-ray determinations had located the hydrogen atoms with any certainty, and the 
associated e.s.d.’s (estimated standard deviations) often rendered any differences in 
measured O-H distances insignificant.
In 1988, the X-ray crystal structure of [Ni(Ci2doH)2 ] was solved in our 
laboratory and was the best defined example of a dioxime H-bond (proton detected) at 
that time.16 Wider structural studies on these organo-soluble dioximato complexes will 
be discussed in depth in Chapter 6, so at present it is sufficient to note that the 
molecular structure of [Ni(Ci2doH)2] exhibits the same general characteristics as other 
bis(dioximato)Ni2+ c o m p le x e s .20 A single molecule plot of the structure of 
[Ni(Ci2doH)2] is shown in Figure 1.5.
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Figure 1.5 Single molecule of [Ni( C]2doH)2].
Although the molecule is not planar overall, the chelate rings are essentially flat 
and this extends to the Cß-atoms (see Figure 1.10 for atom numbering scheme). Of 
particular interest was the intra-ligand hydrogen bond which was located and 
meaningfully refined in company with the non-hydrogen atoms. (The nickel atom itself 
adopts a special position on the inversion centre). In the bridging linkage two different 
O-H distances were determined at 1.2112(22) Ä and 1.348(22) Ä. The difference in 
these distances is statistically significant despite the relatively large uncertainty in the 
location of the bridging H-atom. This therefore established an asymmetric and not 
symmetric O-H—O linkage. Comparison of the 0 - 0  distance (2.449(2) Ä) with that 
calculated from the summation of the two O-H distances (2.460(32) Ä) suggests that the 
O-H—O moiety is near linear within experimental error, or even truly linear (an angle of 
169° was computed). Clearly, the hypothesis of Lippincott and Schroeder was in error 
as the two O-H distances are different resulting in an asymmetric O-H—O bond, despite 
the relatively short 0 - 0  separation. It turns out that the assumption of symmetrical O- 
H—O bonds for bis(dioximato) complexes of Ni2+ was prompted by an incorrect 
assignment of v(OHO) for [Ni(dmgH)2] (see next section). Since the refinement of the 
[Ni(Ci2doH)2] structure, other reports on crystallographic studies of a-dioximato 
complexes have appeared in which asymmetric H-bonds have been meaningfully 
identified.31'33
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A further feature of the [M(dmgH)2] complexes mentioned above (M = Ni2+,
Pd2+, Pt2+), is the relatively short intermolecular contacts observed in the crystal. This
general facet of the crystal structure has been investigated by workers searching for new
materials which exhibit anisotropic electrical properties.15 These complexes exhibit
essentially octahedral geometry around the metal with the axial positions occupied by
the metal atoms from the molecules above and below, to produce an infinite chain of
metal atoms along the crystallographic axis. In the case of [M(dmgH)2] complexes,
each successive molecule is rotated by 90° and the methyl groups interlock. In a review
by Thomas and Underhill, it was postulated that the interlocking of successive planar
molecules is a prerequisite for a columnar structure with short M-M distances.14 This
postulate necessarily implies that the dioxime substituents play an important role in
determining whether such M-M  interactions will occur. Thus the complexes of
glyoxime which have hydrogen atoms as substituents in place of the two methyl groups,
show no evidence of M-M interaction in the nickel complex (Ni-Ni = 4.196 A vs 3.25
A in [Ni(dmgH)2]). Equally, the bis(ethylmethylglyoximato)nickel complex adopts a
35crystal structure which precludes the possibility of intermolecular metal interactions. 
The crystal structure of [Ni(dpgH)2] is analogous to that of [Ni(dmgH)2] (i .e ., with the 
locking/rotation feature). Even when this complex is reacted with I2 or Br2 , the 
product structures are derived from those of the parent [M(dpgH)2] with T or B r lying 
in the channels which are surrounded by phenyl groups and run parallel to the 
[M(dpgH)2] stacks.37
Unlike [Ni(dmgH)2] or [Ni(dpgH)2], [Ni(Ci2doH)2] in the solid state does not 
exhibit these short Ni-Ni interactions. A minimum intermolecular distance of 3.546(2) 
A between the nickel ion and an imine carbon (Ni- Ca ) in the adjacent molecule was 
determined, but as there are other Ni2+ contacts of comparable length, it was impossible 
to isolate any uniquely important intermolecular contacts; the short intermolecular 
distances simply occur as a result of crystal packing, as in other structures such as 
[Ni(emgH)2].
In contrast to [Ni(dmgH)2], crystals of [Cu(dmgH)2] do not exhibit such metal 
chains.38,39 Rather, the compound exists as a molecular dimer (that is, [Cu(dmgH)2]2) 
with each Cu2+ ion having primary coordination number four, and the fifth site being 
occupied by an O atom from the molecule above (see Figure 1.6(a)). Until recently 
there were few documented structures of simple bis(dioximato) Cu2+ complexes apart 
from [Cu(dmgH)2]. However, in 1990 the structure of [Cu(Hbdmg)]2[C104]2 (H2bdmg 
= 3,10-dimethyl-4,9-diazadodeca-3,9-diene-2,ll-dionedioxime) was determined,40 and 
more recently the two related dinuclear compounds, [Cu(Hdeg)2k and [Cu(Hchd)2]2 
(Figures 1.6(b) and (c)), were prepared and structurally characterised.41 They all
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Figure 1.6 Perspective views o f (a) [Cu(dmgH)2]2>40 (b) [Cu(Hdeg)2]243 and (c)
[Cu(Hchd)2]2-43
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exhibit the characteristic easy dimerisation through out-of-plane oxime-to-metal bonds 
involving half of the oxo groups, as for [Cu(dmgH)2]. This is also true for our 
centrosymmetric [Cu(CsdoH)2]2 dimer whose structure was elucidated in 1990 (see 
Chapter 6).42 In addition, there are related structures incorporating additional ligands 
such as chloride,43 imidazole44 and water,45 emphasising the tendency of Cu2+ to 
exhibit coordination numbers greater than four. This characteristic difference in 
structure has a marked effect on the physical properties of the Cu2+ complexes 
compared to those of Ni2+ and the other divalent metals in this group (see § 1.2.2).
In 1980 Angelici and Ma prepared the Ni2+ complex of a-camphor- 
quinonedioxime (CQDH2).46 Unexpectedly, the bicyclic dioxime was found to 
coordinate the Ni2+ ion via N and O donors, producing a six-membered chelate ring 
rather than the common five-membered ring characteristic of other a-dioxime ligands 
(see Figure 1.7). This is attributed to the constrained bicyclic nature of the ligand which 
causes the C-C-C angle at the imino carbons to be considerably smaller than the 
corresponding angles in [Ni(dmgH)2] (i . e approximately 106° cf 121-124°).47 This 
results in an increase in the C-C-N angle within the chelate ring to the point where 
formation of a larger ring becomes more favourable. In the enlarged six-membered 
ring, all the angles are larger than the corresponding angles in [Ni(dmgH)2], suggesting 
these chelate rings may also be strained.
N - 0
Ni(CQDH)2
Figure 1.7 Schematic of the a-camphor-quinonedioxime ligand (CQDH2) and its Ni11 
complex.
These facts emphasise that the ‘normally’ substituted a-dioxime ligands 
represented in Figure 1.1 are free from substitution-induced strain and allow ready 
establishment of the five-membered chelate ring. Within this class, the geometry of the 
chelate ring appears largely unaffected by variations in the electronic nature and steric 
bulk of the substituents, although such changes have a marked effect on the crystal
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properties, imposing restrictions on the axial interactions and therefore on molecular 
packing.
Substitution of the proton of the hydrogen bridge by BF2 in bis(a-dioximato) 
complexes is possible48 and the X-ray structural data for [Ni(dmgBF2)2] are 
available.49 Remarkably, the 0 - 0  distance is unaffected by this substitution, although 
the introduction of BF2+ in place of H+ leads to disruption of the infinite Ni-Ni chain 
which characterises [Ni(dmgH)2]. The structure of this BF2-bridged complex consists 
of molecular dimers now eclipsed, rather than staggered at 90° (Ni-Ni = 3.207 Ä). The 
steric requirements of the bulky BF2 groups do not allow a chain-like structure to form. 
However, a close association of molecular units to form pairs is maintained, with the 
two BF2 bridges of each monomer unit bent away from the molecular plane in a cis 
configuration, i.e., both outwards.
1.2.2 Spectroscopic Investigation of Specific Solid State Interactions
As already indicated, a variety of spectroscopic techniques has been utilised to 
investigate different aspects of the structures and bonding of dioxime compounds not 
implicit from the X-ray data available. Examples are the extensive use of infrared 
spectroscopy in attempts to assign the O-H vibrations of the hydrogen bond, and 
electronic spectroscopy in investigations of the M -M  interactions - both in the form of 
solid-state and solution studies. Until recently, the majority of such investigations were 
limited to a small range of virtually insoluble complexes, with most of the research 
devoted to the familiar derivatives of dimethylglyoxime. The basic physical 
measurements carried out on bis(dioximato) chelates have previously been reviewed.16 
However, some of these will be briefly outlined below, as the results emphasise the 
background to the work detailed in the following Chapters on the organo-soluble a- 
dioximes.
Many of the early spectroscopic investigations of bis(dimethylglyoximato) 
chelates were preoccupied with the study of the interligand hydrogen-bond as it had 
been recognised for some time that the hydrogen bonds in [Ni(dmgH)2] were very 
strong, as indicated by a lack of reactivity of the hydroxyl group with reagents such as 
phenyl isocyanate,2 acetic anhydride50 and methyl magnesium iodide.51 It was 
postulated that the short 0 - 0  distances were associated with very strong hydrogen 
bonds, resulting in the lack of reactivity. These discoveries prompted continuing 
investigation into this supposedly exceptional situation.
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There are a number of weak, broad bands in the infrared spectra of the 
dimethylgyoximate complexes and these have generally been attributed to some form of 
O-H—O vibration. The early infrared studies led to conflicting opinions about the 
assignment of the O -H -O  absorption bands (in particular in relation to the symmetry of 
the hydrogen bond of the nickel derivatives), and it is only recently with the 
characterisation of the Cs and C 12 a-dioximato ligand systems that the matter has been 
clarified. Thus, discussion of past assignments in the context of the latest discoveries 
will be left more appropriately to §1.3.2. For the moment, it is enough to note that, as 
well as the various assignments of the O-H vibrations made throughout the literature, 
assignments of other significant stretching vibrations52' 54 have also been made on an 
empirical basis, while the normal coordinate analysis carried out on the Ni2+, Pd2+, Pt2+ 
and Cu2+ complexes of dmgH2 by Bigotto et al. has supported these assignments to 
some extent.55 Some of the pertinent infrared data are summarised in Table 1.3. Note 
that [Cu(dmgH)2], which is dimeric in nature, exhibits two 0 - 0  distances (2.53 A and 
2.69 A);38,39 As a consequence, this compound has two absorption bands attributed to 
v(OHO) at 2650 and 2380 cm-1. However, the solution infrared spectrum reveals only 
one band in the region at 2375 cm-1, suggesting that rearrangement of the hydrogen- 
bond has occurred in solution and that the chelate now exists as a monomer.54
Complex Historical assignments of absorption bands (cn r1)
v(OH) 8(OH) v(C=N) v(NO) v ' (NO) v(MN)
Cu(dmgH)2 2650 1492 1490 1220 1100 490
2380
Ni(dmgH)2 (2380) t 1640 1590 1260 1070
Pd(dmgH)2 2340 1710 1550 1250 1090 505
Pt(dmgH)2 2300 1650 1490 1200 1100 518
2400 1850 1590 1260 1070
Table 1.3 Infrared absorption data for some bis-dimethylglyoximato complexes in the 
solid state (KBr disc), t $ee textj §1.3.2.
The discovery of the close M -M  contacts in crystalline [Ni(dmgH)2] and related 
materials helped explain their marked insolubility, and has further implications in the 
quest for materials which exhibit unusual electrical properties arising from 
intermolecular interactions in the solid state.14 Investigations into the close M -M 
contacts in [Ni(dmgH)2] can be divided into solid state and solution studies. For
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example, several workers correlated the molar solubility of the complexes with the 
intermolecular spacing (i.e., the M-M distance). Fleischer and Freiser studied heats of 
solution of these complexes in a variety of solvents, including water, and concluded that 
the difference in solvation energies is more important than the difference in crystal 
lattice energies in determining the relative aqueous solubilities.56 In contrast, Rundle 
and Banks, on the basis of the relative solubilities of these complexes in a variety of 
solvents, estimated that the intermolecular chains must contribute 10 kcal.mol'1 to the 
stability of the crystal.57 In [Ni(emgH)2], as with [Ni(dHgH)2],34there is no evidence 
of any close Ni-Ni contacts in the crystal lattice, and the 0 - 0  distance is 2.45 A. In 
the structure of [Ni(Ci2doH)2] a short 0 - 0  distance of 2.45 Ä is also observed, despite 
the absence of significant intermolecular interactions. Additionally, absorptions due to 
0-H —O in the infrared spectra of [Ni(emgH)2] and [Ni(Ci2doH)2] occur in 
approximately the same position as for [Ni(dmgH)2]. Thus, the geometry of the 0-H— 
O linkage would appear to be a consequence of the intrinsic geometry of the NFN4 
chelate system which is independent of packing in the crystal lattice. This confirms the 
similarity observed in the solid state and solution infrared spectra of the Ni2+ complexes 
to be discussed in §1.3.2.
Other solid state studies were mainly concerned with the measurement of the 
electronic absorption spectra and comparison with those obtained in solution. These 
studies were directed at determining the nature of the intermolecular relationship in 
solid [Ni(dmgH)2], i.e., whether the interaction between adjacent molecules in the 
crystal lattice was purely electrostatic in nature, or whether metal-metal covalent 
overlap could be detected.58,59
Obviously all the spectroscopic measurements outlined above were inhibited to 
varying degrees by the insolubility of the a-dioxime complexes, as typified by 
[Ni(dmgH)2]. Thus, the development of the organo-soluble a-dioxime ligand 
derivatives, CsdoH2 and Ci2doH2, has ushered in a new era of dioximato-chemistry. It 
is important to note that while strained bis(dioximato) complexes are known where 
coordination of the oxime O-atom is preferred, the [Ni(Ci2doH)2] system was shown to 
exhibit the classical N4 chelation of other a-dioxime systems. Establishing the 
geometry of the complexed Ci2doH2 chelate ring was thus not only of general interest, 
but it also enabled a comparison of the solid state structure of the organosoluble 
bis(dioximato)Ni2+ complex with that of [Ni(dmgH)2].13 This has facilitated 
interpretation of other physical measurements involving solid state interactions, 
requiring either directly or indirectly a detailed knowledge of the internal molecular 
geometry or the [M(CndoH)2]" chelates.
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1.3 SYNTHESIS AND CHARACTERISATION OF THE ORGANOSOLUBLE BIS- 
DIOXIMATO COMPLEXES OF NICKEL, PALLADIUM, PLATINUM AND
COPPER
1.3.1 Preliminary Remarks/Introduction
Construction of dioxime ligands derived from large cycloalkane rings to provide 
access to bis(a-dioximato) metal complexes with enhanced organo-solubility was 
achieved using the especially synthesised ligands CndoH2, where n = 8 
(1,2-cyclooctanedione dioxime) and n = 12 (1,2-cyclododecanedione dioxime). 
Unfortunately, the Ni2+ complex of the commercially available 1,2-cyclohexanedione 
dioxime or “nioxime” incorporating a six-membered ring, was found to be negligibly 
different from [Ni(dmgH)2] in its solubility. The N=C system must 'interlock' as for 
[Ni(dmgH)2].
A semiquantitative investigation in a very weakly coordinating solvent 
(dichloromethane, CH2CI2), and also a coordinating solvent (dimethylformamide, 
DMF) was carried out in order to assess the improvement in organosolubility of 
complexes of these large ring dioximes relative to the solubility of the analogous 
dmgH2 metal complexes.16 In general, it was found that replacement of each of the two 
methyl groups in [M(dmgH)2] by a (CÜ2)6 or (CH2) io chain to form the C& or C12 
complexes resulted in a twenty- (Cs) to sixty-fold (C12) improvement in solubility.
An intrinsic feature of the bis(a-dioximato) chelates, as for dmgH2, is the pair of 
interligand hydrogen bonds which “strap” the system together into what may be thought 
of as a ‘pseudo-macrocycle’. Recognising the potentially close relationship of the 
newly synthesised Cs and C12 bis(dioximato) ligand systems to the huge variety of 14- 
membered N4 macrocyclic ligands whose various structural and electronic features have 
been documented (i.e., the macrocyclic compounds represent a replacement of the 
O-H—O group of the bis(a-dioximato) chelate by a propylene bridge, CH2-CH2-CH2), 
and recognising that these macrocyclic complexes are known quite generally to stabilise 
unusual oxidation states,60 the potential electrochemical activity of these organosoluble 
dioximes was of significant interest. The strength of the O-H—O linkage and its ability 
to accommodate changes in geometry upon oxidation or reduction of the central ion was 
just one of the many potential issues to be addressed.
Although the Ni2+, Pd2+, and Pt2+ Cs and C12 complexes were prepared initially 
to enable comparison of their electrochemical behaviour with that of the Cu2+
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complexes, the investigation of this group of compounds also provided the opportunity 
to carry out a systematic study of related, readily accessible, 3d, 4d and 5d metal 
chelates. Questions regarding the site of redox activity for superficially isovalent 
complexes such as [Cu(N4)]0/+ and [Ni(N4)]°/+ could now be addressed using solution 
electrochemical techniques. In addition, the effect on the electrochemical behaviour 
when the proton of the O-H--O bridge was replaced by some other bridging group was 
investigated. Replacement of the H-atom of the -NOH fragment in oximes by an 
organometallic moiety of the non-transition metals had proven to be possible in the 
past, for example, by reaction with trialkylchlorosilanes (R3SiCl) leading to 
replacement of H+ with (R3Si)+.61 However, no bis(a-dioximato) chelates with such 
bridging groups have ever been isolated. One documented reaction that has led to the 
replacement of the hydroxyl proton on the oxime functionality was the introduction of 
BF2+ by Schrauzer to form [Ni(dmgBF2)2]-48 This resulted in a more stable 
macrocyclic complex due to the O-B-O linkage being less labile than O-H—O in the 
parent bis(a-dioximato) complexes. Thus, synthesis of the organosoluble BF2+- 
substituted metal complexes, [M(CndoBF2)2] (M = Ni, Pd, Pt, Cu) was also undertaken.
Many of the experiments on the Ni, Pd, Pt a-dioximato Cs and C12 complexes 
performed by Baxter16 have been repeated during the course of work presented in this 
thesis. Extension of some of the earlier experiments (particularly electrochemical) has 
led, in certain cases, to the discovery of further novel and exciting chemistry of 
complexes of these organo-soluble a-dioximato ligands. These results have also paved 
the way for subsequent exploration of the coordination chemistry of these pseudo- 
macrocyclic bis-dioxime ligand systems with other transition metals such as Rh, Ir, Ru, 
and Au (to be described in Chapters 5 and 6). The present section is therefore 
concerned with detailing the characterisation of the M11 CsdoH2 and Ci2doH2 
complexes where M = Cu, Ni, Pd, and Pt. The chemistry of the BF24" substituted 
analogues will also be described.
The synthetic procedures and systematic characterisation of the ligands 
themselves and the full range of complexes discussed below, are detailed in the 
Experimental Section (§A4 .1). The more informative physical measurements and 
conclusions important to this body of work are described below. For convenience, the 
spectroscopic results for the novel MIn and oxidation states of palladium and 
platinum with the a-dioximato carbocyclic Cs and C12 ligands are also included 
alongside their M11 counterparts, although the chemistry behind their discovery is not 
discussed until Chapters 3 and 4 .
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1.3.2 Infrared Studies
The infrared spectra of the [M(CndoH)2] and [M(CndoBF2)2] complexes are 
complicated and it was not possible to make a comprehensive assignment of all the 
bands. However, pertinent assignments of the Ni, Pd, Pt, and Cu H- and BF2-bridged 
spectra were made by comparison with the spectra of [Ni(dmgH)2] and [Cu(dmgH)2]. 
This relies on the fact that, despite being organised differently in the crystal (certainly in 
the case of [Ni(dmgH)2] vs [Ni(Ci2doH)2)]), the internal geometry of the chelate rings 
is the same and these give rise to most of the absorption bands of interest.16 The 
assignments made for the Mn complexes are listed in Table 1.4, while Table 1.5 
compares the relevant frequencies for the M11 and oxidation states of palladium, 
and the M 11, M in and MIV oxidation states of platinum. (Nickel(II) is included for 
comparison). In discussions of such data, it should be borne in mind that mixing 
between symmetry-compatible functional-group vibrations will occur.
While the spectra of the bis(a-dioximato) complexes are quite similar in overall 
appearance (e.g., see Figure 1.8), on closer inspection the Ni2+ chelates differ quite 
discernibly from the Pd2+ and Pt2+ analogues. Comparing the solid and solution 
infrared spectra of the Cs and C 12 complexes showed that the spectra differed in the 
same way and thus the (Ni vs Pd, Pt) differences are believed to be due to variations in 
the molecular rather than the crystal structure.
In general, both the [M(CsdoH)2] and [M (Ci2doH )2] complexes exhibit 
absorptions in the region 1520 - 1560 cm-1 due to v(C=N), and in the 1200 - 1260 cm*1 
and 1000-1050 cm-1 regions due to v(N-O). (This also holds for the M111 and M IV 
complexes of palladium and platinum.) The strong bands between 2750 and 3000 cm-1 
(not listed in the Tables, but shown, for example, in Figure 1.8) are due to C-H 
vibrations in the cycloalkane ring. A broad, weak absorption at approximately 2400 
cm*1 is evident for the hydrogen-bridged complexes of Cu2+, Pd2+ and Pt2+ and this has 
been assigned as v(OHO). This was confirmed by deuteration. Remarkably, this band 
is not observed for the Ni2+ chelates. The Ni2+ H-bridged chelates exhibit an 
absorption around 1780 cm-1 while the analogous Cu2+, Pd2+ and Pt2+ materials reveal 
two weak broad absorptions in this region; these have been assigned as the O-H—O 
bending mode, 8(OHO) (see below).
Chapter 1 24
Vibrational Mode
Complex v(C=N) v(N-O) v(N-O) v(OHO) 5(OHO)
[Cu(C8doH)2] 1536 1226 1029 2485 1730, 1642
[Ni(C8doH)2] 1558 1239 1036 * 1780
[Pd(C8doH)2] 1540 1257 1033 2321 1741, 1642
[Pt(C8doH)2] 1541 1260 1036 2311 1730,1638
[Cu(C12doH)2] 1550 1210 1000 2500 1730, 1630
[Ni(Ci2doH)2] 1539 1236 1033 * 1780, 1730
[Pd(Ci2doH)2] 1520 1254 1039 2400 1730, 1626
[Pt(Ci2doH)2] 1520 1256 1042 2400 1720, 1639
v(C=N) v(B-O) v(B-F)
[Cu(C8doBF2)2] 1625 1183 1007
[Ni(C8doBF2)2] 1616 1181 1017
[Pd(C8doBF2)2] 1606 1190 1003
[Pt(C8doBF2)2] 1606 1191 1004
[Cu(Ci2doBF2)2] 1610 1170 1005
[Ni(Ci2doBF2)2] 1614 1180 1010
[Pd(Ci2doBF2)2] 1604 1180 1005
[Pt(Ci2doBF2)2] 1604 1180 1003
Table 1.4 Assignment o f selected infrared absorption frequencies (cm'1) for the series 
of H- and BF2-bridged [M(CsdoX)2] and [M(C]2doX)2] metal chelates (M =  Cu2+, 
Ni2+, Pd2*, Pt2+) (KBrdisc) .16
* not assigned as obscured by a large number of other bands
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Vibrational Mode
Complex v(C=N) v(N-O) v(N-O) v(OHO) S(OHO) v(M-X)
[Nin(C8doH)2] 1558 1239 1036 * 1780 -
[PdH(C8doH)2] 1540 1257 1033 2321 1741, 1642 -
[Pdrv(C8doH)2Cl2] -1500* 1265 1030 2500 1740, 1650 334
[PtH(C8doH)2] 1541 1260 1036 2311 1730, 1638 -
[PtHI(C8doH)2Cl]2 -1500^ 1269 1031 2400 1701,1655 272*
[Ptrv(C8doH)2Cl2] 1543 1272 1031 2400 1760, 1701 374*
[Ni“ (Ci2doH)2] 1539 1236 1033 * 1780, 1730 -
[Pdn(Ci2doH)2] 1520 1254 1039 2400 1730, 1626 -
[Pdrv(Ci2doH)2Cl2] 1529 1300 1034 2498 1771, 1668 340*
[Ptn(Ci2doH)2] 1520 1256 1042 2400 1720, 1639
[PtIV(Ci2doH)2Ci2] 1518 1292 1039 2300 1699 350
Table 1.5 Assignment of selected infrared absorption frequencies (cm'1) for the series 
of M11-, MIU- and MIV-[CndoH]' complexes (M =  Ni, Pd, Pt). (KBr disc unless 
otherwise stated.)
a Accurate assignment was not possible as the band was not well resolved 
b Polythene disc
* not assigned as obscured by a large number of other bands
The replacement of H+ by BF2 + results in significant changes in the infrared 
spectra (see Table 1.4). The absorption due to the C=N stretch shifts to higher 
frequency, a direct consequence of the electron withdrawing properties of the BF2 
group. Clearly identifiable bands in the 790-1200 cm-1 region due to v(B-O) and v(B- 
F) also appear. The strongest band around 1000 cm-1 has been assigned as the B-F 
stretching mode. These changes in the infrared spectra on substitution of H+ by BF2+ 
are illustrated in Figure 1.8 which also shows the way in which the infrared spectra 
improve in resolution when BF2 replaces H for the Ni2+ FI-bridged chelates. A shift to 
higher frequency for v(C=N) is also seen for the PdIV, Pt111 and PtIV complexes - 
presumably a consequence of the higher oxidation state of the central metal ion.
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Figure 1.8 Infrared spectra of [Ni/Pt(C12doH)2] and [Ni/Pt(C 12doBF2)2] 
(KBR disc).
The metal-halide stretches, v(M-X), have been identified for the CsdoFT Ptni 
and PtIV chloride complexes and P t^  bromides, as well the v(M-X) vibrations of the 
P d ^  Cs and C \i complexes. In addition, bands tentatively attributed to Pt-F stretches 
for the complexes believed to be [Ptni(C8doH)2F]2  and [PtIV(CsdoH)2F2 ], have been 
identified although these two complexes have not yet been conclusively characterised 
(see Chapter 4). Nevertheless, the shift to higher frequency of v(Pt-X) in the order Br 
to F follows the expected trend upon substitution of a lighter ligand such as F \ This is 
illustrated in Figure 4.6, Chapter 4. Discussion of the metal-halide vibrations for the 
PdIV, Ptin and PtIV complexes is reserved for Chapter 4.
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The historically accepted infrared assignments of the Cu, Ni, Pd and Pt dmgH2 
complexes have been listed in Table 1.3. However, discussion of the debate in the 
literature over the correct assignment of v(OHO), particularly among the nickel 
complexes, has been left until now due to the relevance of the [Ni(CgdoH)2] studies to 
this issue.
Much of the original confusion over the assignment of the dmgH2 spectra 
centred around the incorrect assignment by Rundle and Parasol of v(OHO) in 
[Ni(dmgH)2] at 1780 cnr1.52 It was generally believed that the hydrogen bonds in 
[Ni(dmgH)2] were symmetrical. Lippincott and Schroeder, on the other hand, 
determined that the band near 2400 cm*1 was the O-H—O stretching vibration, and that 
the frequency correlated with the 0 - 0  non-bonded distance. They calculated that a 
maximum frequency occurred at an 0 - 0  distance of 2.45 A, which was said to 
correspond to the case of symmetrical hydrogen bonding. The data for the 0 - 0  
distance in various bis-dioximato complexes are given in Table 1.2. According to 
Lippincott and Schroeder’s calculations, symmetrical hydrogen bonding seemed to be 
peculiar to the nickel derivatives which all exhibit 0 - 0  distances around 2.45 A. The 
Pd2+ and Pt2+ derivatives, as a necessary consequence of the larger bonding radius of 
the metal ion, have a greater distance of 2.62 A.
Bigotto et al.55 carried out a normal coordinate analysis on the [M(dmgH)2] 
complexes and supported the results of Blinc and Hadzi in claiming that the band 
observed around 2350 cm*1 was due tov(OHO). They assigned the bands in the 2300- 
2700 cm-1 region to pure O-H—O stretching, and those near 1700 cm-1 to pure O-H—O 
bending. However, results of investigations of other systems with short H-bonds made 
both alternatives for v(OHO) {i.e., v(OHO) at 1780 cm'1 or 2350 cm'1) doubtful for the 
case of [Ni(dmgH)2]. 62,63 In these systems, this mode appears near 1000 cm'1 when 
0 - 0  is 2.45 A or less. The question of the symmetry of these hydrogen bonds was also 
addressed by Orel et al. in 1980.64 They carried out infrared and resonance enhanced 
Raman studies on a range of dimethylglyoximato metal complexes including the 
analogous deuterated materials. It was concluded that for the complexes of Cu2+, Pd2+ 
and Pt2+, v(OHO) occurred around 2400 cm'1, but that for Ni2+ it occurred around 
950 cm-1. This implied that the hypothesis of Lippincott and Schroeder was based on 
the mistaken assignment of v(OHO) at 2400 cm'1 for the Ni2+ complex and that the 
shorter O-H—O distance actually results in a dramatic shift of v(OHO) to lower rather 
than higher frequency. Thus, re-examination of the [Ni(dmgH)2] spectrum by Orel et 
al. led to the reassignment of the O-H—O stretch to the broad absorption observed at 
950 cnr1.64 However, the studies of Orel et al. also presented two apparently 
conflicting results regarding the symmetry of these materials. The measured
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v(OHO)/v(ODO) ratio in [Ni(dmgH)2] favoured a symmetric hydrogen-bond and thus 
Ö2h molecular symmetry, while lower C2h molecular symmetry was indicated by the 
coupling of the in-plane O-H deformation with the two skeletal modes of the C=N 
stretching character. This serves to illustrate the uncertainty that shrouded the question 
of symmetry of the hydrogen-bonds of these complexes, even after more than twenty 
years of investigation.
In this connection, the infrared investigations of Baxter on the [Ni(Cg/i2doH)2] 
systems were important in confirming the assignment by Orel et al. for v(OHO).16 
Most notably, the asymmetric nature of the O-H—O bond was also clarified by the 
X-ray crystal structure of [Ni(Ci2doH)2] (Figure 1.5). Infrared studies in this 
laboratory on the parent complexes [M(dmgH)2 ] (M = Cu2+, Ni2+, Pd2+, Pt2+) 
confirmed that the Ni2+ compound is unique in not having an absorption around 
2350 cm-1 (instead a broad absorption at 950 cm '1 is observed), whereas all these 
complexes have a band near 1750 cm'1 (1780 cm-1 for Ni2+, 1730 cm-1 for the others). 
Likewise, the spectra of [Ni(CsdoH)2] and [Ni(Ci2doH)2] do not exhibit a band at 
2350 cm-1, although the band at 1780 cm-1 is seen. This explains the poor resolution 
observed in the H-bridged Ni2+ complexes from 700 to 1100 cm '1, as the bands in this 
region are believed to be superimposed on a broad absorption due to v(OHO). 
Substitution of BF2+ for H+ in the Ni2+ complexes results in improved resolution in this 
region due to the removal of the O-H—O stretching mode around 950 cm '1, although the 
overall spectrum is still different from the Pd2+ and Pt2+ analogues. This is believed to 
be due to adoption of different O-B-O distances for the Ni2+ complex compared to Pd2+ 
and Pt2+. However, the broadened bands observed in the infrared spectra of 
[Ni(CgdoH)2l and [Ni(Ci2doH)2], and the fact that this improves on substitution of 
BF2+ for H+, is compatible with the assignments made by Orel et al in 1980.64
Finally, it can be concluded that the position of v(OHO) in the infrared spectra 
of the Ni2+ complexes is independent of any intermolecular interactions, since the X- 
ray structure of [Ni(Ci2doH)2] showed no significant intermolecular contacts to be 
present.
1.3.3 NMR Analysis
The synthesis of the carbocyclic CsdoH2 and Ci2doH2 ligands gave rise to 
organo-soluble a-dioximato chelates that for the first time were amenable to study by 
modem NMR techniques. Consequently, throughout the synthesis and investigation of 
the further reactivity of the Cs and C12 a-dioximato complexes, NMR spectroscopy
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was often the first technique employed in determining the product(s) of any one 
reaction. The NMR investigations of the M11 metal chelates (M = Ni, Pd, Pt) represent 
the simplest cases of the oc-dioxime NMR spectra to be reported in the following 
Chapters and initial interest lay in the characterisation of resonances of the oximato 
carbon (Ca ) and the adjoining substituent carbons as a function of the metal and 
oxidation state. (Schematics of the Cs and C12 ligands and their atom labelling 
schemes are shown in the insets to Figures 1.9 and 1.10, respectively). Remarkably, the 
appropriate number of and 13C NMR resonances were fully resolved for both 
cyclohydrocarbon skeletons i.e., Cß to C5 in [M(CsdoH)2] and Cß to in 
[M(Ci2doH)2]. It was also thought that the NMR studies might elucidate the 
conformation of these rings in solution, as there was the possibility of the large flexible 
hydrocarbon rings extending flat on either side of the molecule, or folding over to 
conceal the metal ion. It was feasible that the latter conformation could result in 
discontinuous chemical shifts for the and 13C resonances, as the methylene groups 
which would normally be removed from the effects of the central metal ion when the 
ligand is drawn flat, would now be in closer proximity.
The and 13C NMR spectra of the Ni11, Pd11 and Pt11 complexes were all very 
similar in appearance and detailed shifts, as is evident from Table 1.6 which presents 
the chemical shifts of the [M(CndoH)2] and [M(CndoBF2)2] complexes (M = Ni, Pd, Pt) 
(n = 8, 12). This is also true for the symmetrically substituted MIV complexes which 
are compared to their M11 analogues in Table 1.7. The NMR spectra of the CgdoF^ 
and Ci2doH2 complexes exhibited broad resonances due to the second- and third- order 
coupling for these chelates, and while the ß, y and 8 protons were all resolved for the 
CgdoH2 complexes, the 8, £ and ^ resonances were superimposed for Ci2doH2- All the 
methylene resonances were resolved in the 13C NMR spectra, however.
The broad resonances of the Mn(Cs/i2doH)2] (M = Ni, Pd, Pt) NMR spectra 
were confirmed by homo-decoupling experiments to descend in the expected sequence. 
The highest frequency signal was a pseudo-triplet in accord with the assignment of the 
signal to the ß-protons, since they have a one-bond coupling to the y-protons only. The 
other methylene groups had more complicated multiplets due to one-bond couplings on 
either side. The signals descend in the order ß, y, 8 for CgdoF^, the ordering 
constituting a logical progression, as shown in Figure 1.9(a) and (c). In the case of the 
larger C12 ring, the lowest frequency signal appeared as a broad superposition of 
multiplets, representing twelve protons, these being the 8, £ and £ protons (see Figure 
1.10(a)). Thus, the proton signals descend in the expected sequence for both the Cs and 
C\2 complexes. This is also applicable in general to the BF2+ substituted analogues. It 
was, however, noted that complexation to a metal ion did not result in uniform changes
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in the resonance positions. It was found in the case of [M(Ci2doH)2], that the ß protons 
are more shielded, while the y-£ protons are somewhat deshielded. In the case of the 
Ptm species, an element of asymmetry has been introduced by the dimerisation of two 
[Ptn(CndoH)2] units resulting in the observation of two ß-proton signals - exo and endo 
(see Figure 1.9(b) and also Chapter 4). The one appearing ca. 0.5 ppm upfield of the 
other can be expected to be due to the endo proton in accordance with it being the more 
shielded proton of the two.
Assignment of the 13C NMR spectra required use of hetero-atom correlation 
(HETCOR) experiments to establish the connectivity relationships between the C and H 
atoms represented in the spectra. The correlation of signals in [Ni(CsdoH)2] was 
successfully carried out but the progression of the resonances was unexpected. For 
[Ni(Ci2doH)2], the assignments were not quite so obvious due to the poor resolution of 
the *H signals for the 5 to £ protons. Once again, it was found that complexation to a 
metal ion did not result in uniform changes. It clearly affected the positions and 
ordering of the 13C resonances. The Cß signal was found to occur at quite a low 
chemical shift compared to its position in the respective free ligands. However, on 
comparison to the resonance position of a methylene carbon adjacent to an imine carbon 
of similar environment in a series of related oximes/dioximes,65 the chemical shift was 
found not to be remarkably low (i.e., Cß -24.1 ppm compared with -16 ppm in these 
other complexes). In fact, from these data, it was apparent that 13C resonance positions 
depend critically on the configuration of the molecule. In simple oximes such as ethyl, 
methyl oxime, if the alkyl substituent is sterically more hindered (i.e., syn to the 
hydroxyl group) its resonance appears upfield of that of the same substituent in the less 
hindered position. This is illustrated in Figure 1.11.66
OH OH
\ /
N N
A B
C* 29.0 ppm C* 21.5 ppm
Figure 1.11
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In the case of the organosoluble Cs and C12 dioximes, the ß-methylene group 
and -NOH adopt a gauche conformation corresponding to B above, resulting in a 
sterically compressed situation and consequent magnetic shielding of the 13C nucleus. 
In the case of the BF2+ chelates, the resonance positions are all shifted downfield to 
some extent, this effect diminishing according to the distance of the CH2 groups from 
the O-BF2-O bridge. The overall order of resonances in the *H NMR spectra is not 
changed, and in the 13C NMR spectrum the 5 to £ signals are virtually unaffected by 
BF2+ substitution. However, the Ca and Cß signals experience a stronger electron 
withdrawing influence from the acidic BF2+ moiety, and for [Pt(Ci2doBF2)2], a shift 
downfield by 8.6 ppm and 1.3 ppm was observed, respectively. Thus, although the 13C 
resonances appear arbitrarily scattered within a narrow band, the trio of Ni2+, Pd2+ and 
Pt2+ complexes of CsdoH2 and Ci2doH2, and their BF2+-substituted analogues, exhibit 
a very similar progression in both the *H and 13C spectra. It is thought that the 
positions are in fact not random, but a systematic and sensitive function of steric 
interference and torsional character.
In a similar manner, it is the Ca and Cß carbon signals which are most affected 
upon alteration of the oxidation state of the central metal ion of the palladium and 
platinum dioxime complexes. This is particularly evident for [PdIV(CndoH)2Cl2] where 
the Ca signals shift upfield by ~7 ppm relative to the Pd11 analogues. The effect on Ca 
for the higher oxidation states of Pt is not nearly so dramatic but the fact that these 
small effects or trends are closely replicated in the Cs versus C12 complexes lends 
veracity to them.
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2.1 INTRODUCTION
A  number of common starting materials and experimental techniques have been 
employed in the course of this work. This chapter groups the preparation of starting 
materials and the instrumental methods used to characterise products. Most attention is 
given to electrochemical and spectroelectrochemical techniques, which are relied on 
throughout this thesis.
2.2 PREPARATION OF STARTING  M ATERIALS  
2.2.1 Basic Materials
[Cu(02CCH3)2.H20] and [Ni(02CCH3)2.4H20] were purchased from various 
commercial sources while K2[PdCl4], K2[PtCl4], "RhCl3.3H20 M and "RuC13.3H20" 
were purchased from Johnson-Matthey. Cyclooctanone and cyclodecene, [”Bu4N]OH, 
1,2-diaminobenzene and 2-acetyl cyclopentanone were obtained from Aldrich Chemical 
Co., and HBF4 was purchased from Ajax Chemicals. BF3.Et20  was also supplied by 
Aldrich Chemical Co. while bis(hexafluoroacetylacetonate)palladium(II) and 
bis(hexafluoroacetylacetonate)platinum(II) were purchased from Strem Chemical Inc. 
Trifluoromethanesulphonic acid (triflic acid, CF3S03H) was vacuum-distilled before use. 
All reactions were carried out using deoxygenated analytical grade solvents under an 
atmosphere of N2, although in general the isolated solids were handled in air unless 
otherwise stated. Commercial chemicals were used without further purification.
[RuCl2(PPh3)3]
Prepared by the method of Stephenson and Wilkinson, by heating "RuC13.xH20" 
and excess PPI13 in methanol for 6 h.1 The red-brown microcrystalline precipitate was 
collected and washed with methanol and diethyl ether. Typical yield: 90%.
[Rh2Cl6(PEt3)4 ]
To a solution of RhCl3.3H20 (0.3 g, 1.14 mmol) in ethanol (25 ml) was added 
concentrated HC1 (10 ml) and PEt3 (0.7 ml). The mixture was heated at reflux under 
N2(g) for 1 h. The product was evaporated to dryness, treated with toluene and the 
remaining brown powder filtered off, washed with boiling toluene and then dried in 
vacuo for 8 h. Yield 20%.
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[pyH]2[RhCl5(py)J and trans-[pyH][RhCl4(py)2]
Both [pyH]2[RhCl5(py)] and frarc5-[pyH][RhCl4(py)2] were prepared according
9
to literature methods.
[Ph4As]3[lr2Cl9]
The synthesis of [Ph4A s]3[Ir2C l9] first necessitated the synthesis of 
[Ph4As]2[IrCl6]. For this 2 g of H2[IrCl6] was dissolved in 6 N HC1 (15 ml) and stirred 
for 1 h. [Ph4As]Cl was suspended in 6 N HC1 and the starting material (H2[IrCl6]) then 
added dropwise to this. This gave rise to a brown solution which was stirred for ca. 5 h 
until no more white solid, [Ph4As]Cl, was evident in the reaction mixture. During this 
time a brick-brown solid precipitated which was collected, washed with water, diethyl 
ether and dried. Yield 76.3 %.
[Ph4As]3[Ir2Cl9] was prepared using a literature method. Activated zinc powder 
(2 g) was added to 2 g of [Ph4A s]2[IrCl6] dissolved in the minimum volume of 
diehloromethane. The reaction mixture was left to stir for 24 h. Over this time the 
solution changed colour from red-brown to green. The green solution was filtered at the 
end of the reaction time and the solvent then removed. A slightly oily green crystalline 
solid was isolated. This was stirred in THF and the suspension filtered yielding a green 
crystalline solid that was washed with fresh THF followed by diethyl ether. Yield 
63.9%. Elemental Analysis: Found: C, 46.64; H, 3.17; Cl, 17.20. As3C72H6oCl9lr2 
requires C, 46.66; H, 3.26; Cl, 17.21%. lH NMR (300 MHz, ppm): 7.6 - 7.9 (60H, 
m ) .
trans-[pyH][IrCU(pyhl
rrarcs-[pyH][IrCl4(py)2] was prepared according to a literature method.4 
2.2.2 Arsine and Phosphine Ligands
PMe3 was prepared according to a literature method.5 Other monodentate arsine 
and phosphine ligands were purchased from Aldrich Chemical Co. and Organometallics 
Inc.
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2.3 INSTRUMENTAL TECHNIQUES
2.3.1 Elemental Analyses
Analyses for C, H, N,C1 were performed by the Microanalytical Unit, Research 
School of Chemistry, Australian National University.
2.3.2 l H, 13C, 31P -  pH } and 195Pt NMR
!H, 13C and 31P - {!H} NMR spectra were recorded using a Varian Gemini 300 
MHz (BB) instrument, with chemical shifts in ppm referred to internal SiMe4 QH) or 
external H3PO4 (85% in D2O) for 31P - {iH} spectra. 195Pt chemical shifts were 
recorded on a Varian VXR 300S spectrometer and referenced to [PtCU]2' = -1630 ppm. 
Spectra were recorded in CDCI3 unless otherwise stated. Chemical shifts quoted are 
positive to higher frequency (lower shielding) than the reference.
2.3.3 Mass Spectra
Positive and negative-ion fast atom bombardment (FAB) mass spectra of 
compounds dissolved in dichloromethane were obtained on a VG ZAB2-SEQ mass 
spectrometer with Cs+ LSIM liquid secondary ionisation using a caesium ion gun 
operating at ca. 8 kV, with 4-nitrobenzyl alcohol (NBA) as the liquid matrix. Electron 
impact (El) mass spectra were obtained on a VG AUTOSPEC mass spectrometer 
operating at 70 eV with the sample on a solids probe. Electrospray ionisation +/- (ESI) 
mass spectra were collected using a Fissons Instruments VG Quattro II (triple quadrupole 
mass spectrometer).
The El and FAB mass spectra of complexes showed a range of m/z values 
corresponding to the isotopic mass distribution for the particular complex. In all cases 
there was good agreement between the experimental and calculated isotopic mass 
distribution, and the most intense m/z values have been quoted.
2.3.4 Infrared Spectra
Infrared spectra were recorded on a Perkin Elmer 1800 Fourier transform 
spectrophotometer, as pressed KBr discs.
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2.3.5 X-Ray Powder Diffraction Patterns
X-ray powder diffraction patterns were recorded with a Siemens D5000 Powder 
Diffractometer using CuKa radiation with a graphite crystal diffracted beam 
monochromator. Experimental powder patterns were found to be in good agreement with 
those calculated from single crystal unit cell data.
2.3.6 X-Ray Diffraction Data
X-ray diffraction data were obtained either on a Rigaku AFC-6R rotating anode 
diffractometer using Cu radiation, or using an AFC-6S Mo sealed tube diffractometer, 
both employing a graphite monochromator.
All crystallographic data was collected by Dr.s D.C.R. Hockless and A.C. Willis except for 
that of [Pt(Ci2doH)2] which was collected by Dr. S. Colmanet of the University of 
Melbourne.
2.4 ELECTROCHEMICAL TECHNIQUES 
2.4.1 Experimental Conditions
Electrochemical measurements and electrosyntheses were carried out in CH2CI2 
containing 0.5 M ["Bu4N][BF4] or in CH3CN containing 0.1 M [*Bu4N][BF4]. The 
electrolyte, [nBu4N][BF4], was prepared by neutralising [rtBu4N]OH (40% in water) 
with HBF4 to pH 6 . The precipitate was collected by filtration, washed with large 
amounts of distilled water, recrystallised twice from methanol/water (4:1), and dried in 
vacuo at 100°C for 8 hours or until an acceptable electrochemical background was 
attained. Dichloromethane was pre-dried over P2O5 before being distilled from CaH2 just 
before use. Acetonitrile was purified by the method described by Walter and Ramaley: in 
succession, analytical grade acetonitrile was heated at reflux over, then distilled from (i) 
anhydrous AICI3, (ii) alkaline KMn04, (iii) KHS04 and (iv) finally distilled from CaH2 
just before use.6
Cyclic voltammetry (CV) and alternating current voltammetry (acV) measurements 
were carried out using a PAR model 170 electrochemical system, linked where 
appropriate to a Macintosh LC360 computer via an AD Instruments MacLab interface 
system. A standard three-electrode configuration was used. The working electrode was 
a platinum disc (1 mm diameter) and a platinum rod was used as the counter electrode. 
The reference electrode was a Ag/AgCl electrode (Metrohm), separated from the solution 
by two porous glass frits. The internal compartment of the reference electrode was filled 
with 0.05 M ["Bu4N]C1 / 0.45 M [”Bu4N][BF4] in CH2C12 (or with both ["Bu4N]+
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salts, 0.5 M for CH3CN). The external compartment was filled with the standard electrolyte 
solution, 0.5 M [nBu4N ][BF4] in CH2CI2 (or 0.10 M in CH3CN). Under these conditions the 
reversible formal potential for the ferrocene redox couple was +0.55 V in CH2CI2 and +0.41 V in 
CH3CN at room temperature.
The electrochemical cell was a jacketed glass cell (10 cm3) incorporating the above 
electrodes. The electrolyte solutions were purged with either N2 (g) or Ar(g) and the cell 
maintained under an inert atmosphere. Low temperature measurements were recorded by 
connecting the jacketed glass cell to a Lauda RL6 circulating alcohol cooling bath. The 
temperature was monitored to within 0.2°C by a digital thermometer with the probe 
located directly in the electrochemical solution.
Bulk electrolyses were performed at low temperature using a jacketed three- 
compartment H-cell, with a platinum mesh basket working electrode, double-fritted non- 
aqueous Ag/AgCl reference electrode and platinum wire counter electrode separated from 
the bulk solution by two glass frits. A platinum disc voltammetric electrode (1 mm 
diameter) was used to monitor the electrolysis.
2.4.2 Cyclic Voltammetry (CV)
Cyclic voltammetry involves the use of a static working electrode in an unstirred 
(“quiet”) solution. The potential of the working electrode is varied at a constant rate, v 
(typically 50 - 1000 mVs'1), between two pre-set values in a cyclic fashion. The solution 
is quiet, hence diffusion of reactants and products between the bulk solution and the 
solution/electrode interface is the only means of mass transport. As the redox potential of 
the substrate is passed, the current rises to a maximum and then, as the substrate around 
the electrode is depleted, the current declines, producing the observed asymmetric peak. 
On reversal of the potential ramp the electron-transfer process can be reversed, with a 
corresponding depletion of the species previously generated at the electrode surface, 
giving the characteristic voltammogram (Figure 2.1). Only the small portion of the 
substrate near the electrode surface is actually oxidised or reduced, hence the bulk 
solution undergoes negligible electrolysis. The time scale of the process is determined by 
the scan rate, v.
Four measurable parameters can be obtained for a reversible process: the net 
current (ipf) and potential (£pf) of the forward curve and the corresponding parameters 
for the reverse curve (ipr and £ pr). The value of £ 1/2 for a reversible process is 
determined from the mean of £ pf and £ pr. These four parameters can be used to 
determine whether the redox process is reversible, quasi-reversible or irreversible.
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(a) cyclic voltammogram
(b) a.c. voltammogram
0.1 Volt
Figure 2.1 Form o f (a) cyclic voltammogram and (b) a.c. voltammogram fo r  a 
reversible process.
A voltammetrically “reversible” process means that the charge-transfer process 
occurs considerably faster than the rate of diffusion. A reaction in which the electron- 
transfer process is not effectively instantaneous and is controlled by both diffusion and 
charge-transfer kinetics is termed “quasi-reversible”, and a reaction in which the product 
formed at the electrode is not returned to the starting species at a significant rate on the
reverse scan is termed “irreversible”^ A “partially-reversible” process has an irreversible
chemical reaction following charge-transfer. The criteria for voltammetric reversibility or
7-10otherwise are outlined in Table 2.1.
t  Irreversibility can have a variety of causes, such as slow charge transfer or a fast follow-up chemical reaction,
or even a combination of these effects.
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Reversible
Ep is independent of v
Epf - Epr = 57/n mV (42/n mV at 213 K) and is independent of v 
l/2[£pf + Epr] = Hi/2, independent of concentration 
ip/v1/2 is independent of v 
ipr/ipf is unity, independent of v
Quasi-reversible (i.e., electron transfer sluggish, product stable)
Ep shifts with v
Epf - £ pr increases as v increases
l/2[£pf + Epr] = E\/2, independent of concentration
ip/v1/2 is virtually independent of v
ipr/ipf generally = 1 (so long as a  ~ 0.5)
Partially-reversible (product unstable, electron transfer may be fast)
Ep increases by 30/n mV (21/n mV at 213 K) for a tenfold increase in 
v, at low v
ip/v1/2 is independent of v
ipr/ipf increases towards 1 as v increases
Irreversible (product unstable or grossly altered structurally, electron transfer is slow)
Ep shifts with v 
ip/v1/2 is independent of v 
no current on reverse scan
v = scan rate (mVs-1); a  = charge-transfer coefficient (ideally 0.5) 
n = number of electrons involved in redox process
Epf and ipf = potential and net current at the maximum of the forward wave
Epr and ipr = potential and net current at the maximum of the reverse wave____________
Table 2.1 Criteria fo r  reversible, quasi-reversible, partially-reversible and irreversible 
charge transfer processes for cyclic voltammetry at 298 E .10
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High solution resistance in non-aqueous media can produce non-ideal responses 
for otherwise voltammetrically-reversible systems, especially at low temperatures.11 The 
ferrocinium/ferrocene (Fc+/Fc) couple is known to satisfy the criteria for a reversible 
diffusion-controlled redox process.12 Redox processes which gave an equivalent 
response to the Fc+/Fc couple under the same conditions were regarded as 
electrochemically reversible in the present work, whether this response was exactly 
Nerstian or not. Ferrocene was added to the solution at the conclusion of an experiment 
both for this purpose, and as an internal reference. Ferrocene was oxidised at +0.55 V in 
CH 2CI2 at room temperature, and at +0.55 ± 0.02 V at 213 K. The temperature- 
invariance of the Fc/Fc+ couple presumably arises through accidental cancellation of 
opposing factors.
2.4.3 Alternating Current Voltammetry (acV)
The alternating current voltammetry technique involves the superposition of a 
small alternating potential upon a linearly ramped d.c. potential. The d.c. potential is 
varied at a constant rate (10 mV s '1) and the alternating current only is measured. The 
superimposed voltage (AV = 1 0  mV in our work) is generally sinusoidal in form, and a 
range of frequencies, CD, from ca. 10 - 1000 Hz may be employed. For a reversible redox 
process the output signal in the i vs £  trace is a symmetric peak centred on £ 1/2 of the 
corresponding cyclic voltammogram (Figure 2.1). Focussing on the "Faradaic" current 
(i.e., the resultant current from the oxidation-reduction process at the electrode) of a 
redox process,
Ox + n e  —  Red (2.1)
it is necessary to have both an oxidisable and a reducible species at the electrode surface 
for such an alternating current to exist. At potentials prior to £ 1/2 , significant 
concentrations of "Red" are present only when the potential corresponds to the steeply 
rising portion of the cyclic voltammogram (where [Ox] > [Red] > 0), and the magnitude 
of the alternating current is determined by [Red] at the electrode surface. Similarly, at 
potentials just beyond £ 1/2, [Red] > [Ox] > 0 and the magnitude of the alternating current 
is dependent upon [Ox]. The Faradaic current is at a maximum when [Ox] = [Red] (i.e., 
at £ 1/2)- For non-reversible processes, rapid decay of "Red" prevents the system 
oscillating with applied voltage modulation, leading to collapse of the a.c. signal. For irreversible 
processes a very small (sometimes vanishingly small) a.c. peak is observed, and for quasi- 
reversible processes the magnitude of the a.c. current is dependent upon the frequency of the a.c. 
source, to. The timescale of the experiment is effectively controlled by co rather than v, and 
provides a stringent test of electrochemical reversibility.
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The criteria for reversibility in the a.c. mode are shown below:
£p = £ 1/2 (d.c.) independent of concentration and co.
The wave is highly symmetric with a width at half height of 90 mV (64 mV at 213 K). 
ip gives a linear plot vs co1/2 which passes through the origin.
(co = a.c. frequency; ip = peak current; £p = peak potential)
A major advantage of a.c. voltammetry is the ability to discriminate against the 
"capacitative" background current (arising from the charging of the double layer 
surrounding the electrode) in favour of the Faradaic current. The Faradaic and 
capacitative current components have different phase relationships with the sinusoidal 
applied voltage. Phase-sensitive detection allows the relevant Faradaic current to be 
measured exclusively, leading to an increase in sensitivity and often assists the definition 
of waves that would be concealed at the d.c. voltammetric positive or negative limits. 
Another advantage is that two adjacent waves can be resolved with a difference in £ 1/2 of 
0.08 V, compared with 0.15 V in cyclic voltammetry. Alternating current voltammetry 
also gives information about the reversibility of the process as outlined above.
2.4.4 Stirred Voltammetry (S-V)
This S-V technique involves scanning (10 mVs'1) to increasingly anodic or 
cathodic potentials whilst stirring the solution (preferably by employing a purpose-built 
rotating disc electrode), which continuously renews the solution in contact with the 
electrode. Resulting currents are positive (above the i = 0 line) for reductive and negative 
(below the i = 0 line) for oxidative processes (Figure 2.2). As the species under 
investigation undergoes electron-transfer, the current reaches a maximum or minimum 
value (the diffusion current id), determined by the rate of transport of the species to the 
electrode surface by diffusion and forced convection. For an ideally reversible system, 
the midpoint of the wave, £ 1/2, coincides with the standard £° potential defined by the 
Nemst equation as long as the oxidised and reduced species have similar diffusion 
coefficients.
This technique can be used to determine whether a particular process is a 
reduction or oxidation (the "oxidation level" of a solution), and hence to monitor the 
progress of a bulk electrolysis (see §2.4.5). At a molecular level, the number of electrons 
transferred in the electrode process can be determined by comparison of the diffusion 
current with id of known charge-transfer processes under the same conditions.
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Diffusion Current id (red)
Diffusion Current id (ox)
Figure 2.2 Stirred voltammograms for (a) oxidised form, and (b) reduced form of a 
given complex. Ej/2 values are coincident for the two traces but the i/E trace is displaced 
with respect to the i = 0 line.
2.4.5 Bulk Electrolysis
Bulk electrolysis experiments were carried out in a three-compartment cell with a 
large Pt mesh basket working electrode. Solutions (10 cm3) generally contained ~10'2 M 
of the complex undergoing electrolysis. The potential of the working electrode is held 
constant beyond £”1/2 for the redox process in question whilst the solution is stirred. As 
the starting material is consumed the current decays exponentially toward i = 0. The 
three-compartment design allows the counter electrode to be separated from the bulk 
solution by two porous glass frits, ensuring species generated at the counter electrode do 
not contaminate the bulk solution. A separate 1-mm Pt disc electrode was used for in situ 
voltammetric measurements, and stirred linear-sweep voltammetry (§2.4.4) was used at 
intervals to determine the percentage completion of the electrolysis, from the ratio of 
oxidised to reduced material.
2.5 SPECTROELECTROCHEMISTRY
2.5.1 UV/Vis/Near-infrared Spectroelectrochemistry
Electronic spectra in the range 45 000 - 3125 cm'1 were recorded using a Perkin- 
Elmer X9 double-beam UV/Vis/near-IR spectrophotometer with digital background 
subtraction capability. The spectra of electrogenerated species were collected in situ by
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the use of an optical thin layer electrochemical (OTTLE) cell mounted within the sample 
compartment of the spectrophotometer.
The electrolyte ([nBuz^N][BF4]) and solvents (CH2CI2 or CH3CN) were prepared 
as described previously. Solutions for spectroelectrochemical experiments were made up 
as for other electrochemical experiments, i.e., 0.5 M [nBu4N][BF4] in CH2CI2, and 
contained ca. 10*3 M of the complex under investigation.
The OTTLE cell (Figure 2.3), placed in the sample beam  of the 
spectrophotometer, was a flat rectangular fused silica (Suprasil W) cell of path length 0.5 
mm, constructed to our design and widened at the top to accommodate the reference and 
counter electrodes. The working electrode was a rectangular piece of fine platinum gauze 
(70% transmittance) located in the lower section of the cell, and placed centrally in the 
optical beam. Spot-welded to the platinum gauze was a section of platinum wire passing 
to the top of the cell, where it was connected to the potentiostat. The wire was sheathed 
by poly(tetrafluoroethylene) (PTFE) tubing, to ensure electrolysis occurred only at the 
platinum gauze. The wide part of the cell, above the flat section, contained a platinum 
wire auxiliary electrode and non-aqueous Ag/AgCl reference electrode as described 
above, both separated from the solution by salt bridges containing electrolyte solution. 
The cell placed in the reference beam was of similar profile, and contained a matching 
section of platinum gauze.
The cells (sample and reference) were cryostatted in gas-tight, double-glazed 
(Suprasil W windows) PTFE cell blocks, enabling both the cells and their contents to be 
cooled by cold N2 gas. The N2 gas was chilled by passing it through a copper coil 
immersed in liquid N2. It was then passed over a heater element in a Dewar tube (15 cm 
x 1 cm) and maintained at the desired temperature by a Bruker NMR temperature 
controller, piped into the cell compartment and through the sample and reference cell 
blocks. The thermocouple for the temperature controller was positioned at the point of 
gas outflow from the cell block. A known difference between gas outflow temperature 
and solution temperature within the cells allowed the required temperature to be accurately 
established and maintained. To prevent fogging of the cell-block windows, room 
temperature N2 gas was passed between the inner and outer windows.
Initially a background scan was recorded with pure electrolyte solution and 
platinum gauze in both sample and reference cells. The sample solution was prepared 
(ca. IO-3 M of compound in 2 cm3 electrolyte solution), purged with either N2 or Ar and 
transferred via syringe into the sample cell. The working, auxiliary and reference 
electrodes were added to the sample cell and connected to a Thompson E-series Ministat
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0.05 cm
BEAM
PATH
BEAM PATH
Figure 2.3 Components of the Optical Thin Layer Electrochemical (OTTLE) cell. 
KEY
A Counter electrode 
B Reference electrode
C Working electrode connection protected from bulk solution by PTFE sleeve 
D Cell cap
E Sample solution, degassed with N2 or Ar
F 0.05 cm Suprasil W quartz cell containing Pt gauze working electrode 
G Pt gauze working electrode 
H PTFE cell block 
I Cold N 2 inlet ports
J Dry (298 K) N 2 inlet ports (to prevent fogging of inner quartz windows)
K Supasil W quartz cell block windows
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potentiostat. The temperature, usually -60°C (CH2CI2) or -30°C (CH3CN), was 
stabilised to ± 0.3°C before commencing electrolysis. The electrolysis was typically 
carried out at a potential 200 mV past £ 1/2 of the redox process in question, and 
continued until the spectrum ceased to change and the current decayed to a constant 
minimum. The potential was then reset and the spectrum of the starting complex 
regenerated. The observation of stable isosbestic points and regeneration of starting 
spectra, without loss or gain of any features, were taken as evidence for chemical 
reversibility for the process. For systems with more than one redox process, this 
procedure was repeated for each step before continuing to subsequent processes.
2.5.2 Electron Paramagnetic Resonance Spectra
The majority of the EPR spectra recorded in this thesis required oxidation of the 
compound to the MIV odd-electron state. Unlike the optical spectra which were 
electrogenerated in situ, solutions for EPR experiments were prepared externally, by bulk 
electrolysis of diamagnetic precursors, and transferred to quartz EPR tubes. The 
concentration of complex in solution was typically 10‘2 M in freshly distilled CH2CI2 
containing 0.5 M electrolyte. The oxidations were carried out under an atmosphere of N2 
and the solutions were transferred to deoxygenated EPR tubes via syringe, then frozen to 
a glass and stored in liquid N2. EPR spectra of frozen solutions (glasses) were recorded 
at 20 K using a Varian X-band spectrometer fitted with an Oxford Instruments helium 
flow cryostat. Species generated by electrochemical oxidation were checked by 
comparison of their UV/Vis/near-IR spectra with those obtained in the OTTLE cell. It is 
worth noting that the electrolyte medium is a superior solvent compared to pure CH2CI2 
for forming EPR glasses at 20 K, even when no electrogeneration is required.
Note: IUPAC convention now defines the oxidation current as positive and reduction as negative 
with the potential axis being the mathematically normal one. In this thesis the old 'polarographic' 
convention has been employed for compatibility with work previously published in this area.
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3.1 INTRODUCTION
The absence of a comprehensive study of the electrochemical properties of simple 
bis(a-dioximato) complexes, caused by the insoluble nature of the parent dmgH' 
complexes in all commonly used solvents, has previously been noted. However, the 
preparation of the [M(C8doH)2] and [M(Ci2doH)2] carbocyclic dioximato complexes 
(and their bis-BF2 substituted analogues), where the cycloalkyl groups greatly enhance 
solubility, made possible an electrochemical investigation of the d8 metals Ni, Pd and Pt, 
along with Cu. This was the focus of work carried out in the late 1980’s in this 
laboratory.1
Interest lay in determining the range of additional oxidation states available to a 
given MnL complex (M = Cu, Ni, Pd, Pt) (L = the ligand array) of familiar structure, and 
determining the charge distribution of the oxidised or reduced species, (ML)+ and (ML)-, 
respectively. As it is not possible to draw reliable conclusions regarding the actual site of 
electron transfer by voltammetry alone, i.e., whether the processes under observation 
were largely ligand- or metal-based, analysis of the oxidised and reduced species by 
spectroscopic means was undertaken. These experiments were carried out in the OTTLE 
cell as described in Chapter 2.
Early results revealed that the organosoluble dioxime derivatives exhibited the 
same spectral features (UV-visible, infrared, NMR) as the parent dmgH" complexes (as 
far as could be determined for the less-soluble species). On this basis, and given the 
simplicity of the organocyclic substitution, it was believed the voltammetric and 
spectroelectrochemical results reported by Baxter could confidently be applied to d8 and
9
Cu metal dioximato complexes as a whole. More recently, Bond et al. have studied the 
electrochemistry of [Co(CsdoH)2.2H20] in order to aid the understanding of the 
mechanism of reduction of [Co(dmgH)2] at a mercury electrode, where, once again, the 
lack of solubility of the dmgH' compound has in the past restricted the range of 
electrochemical studies that could be undertaken. In this case, the partial solubility of 
[Co(dmgH)2] in dichloromethane permitted a direct comparative electrochemical 
investigation of the two chelate ligands (i.e., dmgH' vs CsdoH') to be undertaken, in 
order to verify the validity of extrapolating data from the [Co(CsdoH)2.2H20] analogue. 
(The water molecules of hydration were taken into account by also undertaking the 
studies in the presence of traces of water.) The voltammetry of the two complexes was 
shown to be closely related, with the reduction of both [Co(dmgH)2] and 
[Co(CgdoH)2.2H20] occurring near to the solvent limit, and being well-defined only at 
low temperatures and at a solid, frozen mercury electrode. Under these conditions two 
successive reduction waves were observed in each case. The reversible E1/2 value for the
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first reduction of [Co(CgdoH)2.2H20] is approximately 100 mV more negative than for 
the corresponding reduction of [Co(dmgH)2].
The analogous behaviour of the redox chemistry for these two cobalt complexes 
as well as the copper complexes of dmgÜ2 and CndoH2 studied by Baxter (see below), 
illustrates the way in which having access to these organosoluble dioxime complexes 
facilitates the exploration of dimethylglyoxime chemistry which had previously been 
hindered by the insolubility of dmgH- transition-metal complexes in most solvents.
Baxter’s work and our subsequent studies confirm that ‘pseudo-macrocyclic’ 
chelating bis-dioximates make a wide range of oxidation states available. More generally, 
the ability of macrocyclic ligands to stabilise a wide range of oxidation states of a 
coordinated metal has long been recognised and demonstrated by the studies of many 
research groups.4,5 For example, Busch and coworkers have studied the oxidation and 
reduction behaviour in CH3CN of a broad family of macrocyclic complexes of Ni2+ with 
a range of planar tetradentate ligands.6 Due to the extensive range of ligands utilised, it 
was possible to establish systematically the electronic and structural features which 
promoted and hindered a variety of electron-transfer reactions. It was observed that the 
redox behaviour of the Ni2+ complexes was dependent on a number of factors such as the 
macrocyclic ring size, the number and position of ring substituents, the overall charge and 
coordination number, as well as the degree and type of ligand unsaturation.
Specific variations in a number of these factors have previously been shown to 
favour either the higher or lower oxidation states of Ni2+ and Cu2+ compounds of several 
related macrocycles.1 By comparison with this class of 14-membered tetraimine ligand 
systems, it was possible to assess the status of the a-dioximato complexes such that the 
bis-dioximato ligand array could be considered to be 14-membered in a pseudo- 
macrocyclic sense; it possesses two a-diim ine functions as well as being doubly 
negatively charged. The tetraimine functionalities have previously been known to 
stabilise low oxidation states of macrocyclic complexes, while the negative charges on the 
ligand array in general stabilise the high oxidation states. Coupled with the inductive 
effects such as replacing the O-H—O bridges with BF2 or a propane bridge, investigation 
of the effect each of these features had on the redox properties of the Cu (and 
subsequently the Ni, Pd, Pt) dioximato materials was potentially very exciting and some 
interesting voltammetry was anticipated.
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3.2 ELECTROCHEMICAL INVESTIGATIONS ON BIS-DIOXIMATO
COPPER COMPLEXES
3.2.1 Results
Cyclic voltammetry of the bis-dioximato copper(II) complexes revealed a quasi- 
reversible one-electron reduction with reports of a second one-electron reduction process 
associated with elimination of copper metal, and a one-electron oxidation.1 The redox 
potentials for the first oxidation and reduction of [Cu(CndoX)2] (n = 8,12) (X = H, BF2) 
complexes are given in Table 3.1 (along with those of the analogous Ni, Pd, and Pt 
complexes).
The various bis(dioximato) complexes (i.e., dmgH2, CsdoH2 and Ci2doH2) 
exhibit virtually coincident £1/2 values, confirming that replacement of the methyl groups 
of dmgH2 by a cycloalkane ring does not affect the redox properties of the metal chelates. 
The first of the reduction processes was found to be quasi-reversible, the second totally 
irreversible. However, despite the chemically reversible nature of the first reduction even 
at room temperature (that is, the peak height of the forward and reverse waves of the 
voltammogram remain equal indicating efficient chemical retrieval on the cyclic 
voltammetric timescale), temperatures of -60°C were required to stabilise the product on 
the bulk electrogeneration timescale.1 (Reversibility criteria are detailed in Chapter 2.) 
The analogous BF2-bridged complexes behaved similarly, although replacement of both 
H-bridges by BF2-bridges results in an anodic shift of -0.5V for the first reduction 
potential. In contrast to [Cu(CndoH)2] (n = 8,12) however, the first reduction product of 
[Cu(CndoBF2)2] was stable at room temperature. Bulk electroreduction of these copper 
complexes resulted in a colour change from brown to deep blue, with the reduced species 
in all cases exhibiting similar voltammetry to the starting material (as required when no 
rearrangement has occurred). Spectroelectrochemical investigations were carried out in 
an OTTLE cell and Figure 3.1 shows the spectral changes observed for the reductions of 
[Cu(CgdoH)2] at -60°C and [Cu(C8doBF2)2] at 20°C. Efficient conversion from the 
starting materials to the reduction products was achieved for all the Cu2+ complexes, and 
in each case, an intense low energy band was observed to grow in around 16 000 cm '1 
(this being the origin of the blue colour). The growth of the low energy band was also 
accompanied by intensity changes in the UV region. The spectral changes for the 
reduced products are listed in Table 3.2.
Coincidently, the oxidation products of the bis-dioximato complexes were also 
blue in colour, although they were only stable at -60°C despite the reversibility of this 
process on the voltammetric timescale.
7 Note that a rapidly reversible chemical change will not prevent the CV from appearing ideal.
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Complex £i/2red(l)a El/2red(2) £l/20X(l) AEb
[Cu(C8doH)2] -0.65 +0.88 1.53
[Cu(Ci2doH)2] -0.59 +0.84 1.43
[Cu(C8doBF2)2] -0.13 + 1.69c 1.90
[Cu(Ci2doBF2)2] -0.13 + 1.75c 1.88
[Ni(C8doH)2]^ -1.21 + 1.29 2.50
[Pd(C8doH)2]<* -1.33 + 1.25 2.58
[Pt(C8doH)2]d -1.23 + 1.25 2.48
[Ni(Ci2doH)2]^ -1.18 + 1.27 2.45
[Pd(Ci2doH)2]d -1.30 + 1.24 2.54
[Pt(Ci2doH)2]<i -1.19 + 1.27 2.46
[Ni(C8doBF2)2]e -0.60 -1.23
[Pd(C8doBF2)2] -0.71 /
[Pt(C8doBF2)2] -0.52 /
[Ni(Ci2doBF2)2]e -0.58 -1.21
[Pd(Ci2doBF2)2] -0.69 /
[Pt(Ci2doBF2)2] -0.47 /
Table 3.1 Redox potentials for [M(CndoX)2] (M ~ Cu, Ni, Pd, Pt) (n -  8, 12) (X = 
H, BF2)
a E \/2 values in volts versus Ag/Ag+ in CH2CI2/O.5 M [nBu4N][BF4] at 20°C. 
b AE = £ i/2(ox)1 - £ i/2(red)l.
c Irreversible oxidation couple. The oxidation potential for these processes was 
determined from the potential for the forward wave (£pf) of the cyclic voltammogram. 
d E\i2 determined at -60°C. 
e E \/2 measured in DMF/0.1 M [nBu4N][BF4].
/  Clearly discerned but accurate value unavailable due to the onset of solvent reduction.
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Complex
[CuI(C8doH)2]-a
[Cun(C8doH)2]
[Cul(Ci2doH)2]-fl
[CuD(Ci2doH)2]
[CuI(C8doBF2)2]-
[Cun (C8doBF2)2]
[CuI(Ci2doBF2)2]-
[Cun (C 12doBF2)2]
[Cuin(C8doH)2]+
[Cum (C i2doH)2]+
Band positions v /cn r1 (intensity e/1 mol^cm"1)
16 450(15 200), 32 000(s), 37 600(16 900)
23 600(s), 30 300(s), 35 150(13 400)
16 600(13 500), 33 000(s), 38 300(15 000)
23 800(s), 30 900(s), 35 300(12 000)
16 100(11 100), 22 000(s), 33 600(8300), 40 600(18 900) 
21 800(s), 32 000(s), 41 400(s)
16 200(16 100), 22 000(s), 34 350(9000), 40 800(19 700) 
21 600(s), 32 000(s), 41 400(s)
16 400(6200), 30 000(s), 32 200(s), 35 350(22 300)
16 250(5500), 31 000(s), 32 000(s), 35 750(19 900)
Table 3.2 Spectral data fo r  the first reduction and first oxidation products o f  
[ Cu( CndoX)2] (n = 8, 12) (X = H, BF2), and for the parent Cu11 complexes. 1
a Spectral data obtained at -60 °C.
Once again, the spectral progression to the formally ‘Cu3+’ species was 
dominated by the emergence of a strong band near 16 000 cm '1 (see Table 3.2). This 
was accompanied by intensity changes in the UV region, although in general, the spectral 
characteristics in this region of the spectrum were retained. Above -60°C the blue species 
[Cu(CndoH)2]+ (n = 8,12) were found to be unstable and decomposed to a brown solid.
Both the oxidation and first reduction of the copper bis(dioximato) complexes 
were assigned by Baxter as metal-based processes.1 In the case of the oxidative 
processes, spectroscopic characterisation of the redox products required ‘m situ spectral 
monitoring due to their ready decomposition. The conclusion that the electronic 
absorption spectroelectrochemical data were consistent with the first oxidation process 
being metal-centred giving [Cuni(CndoH)2]+ was based on the relative ease of oxidation 
and the lack of spectral changes observed in the UV region of the spectrum. The band 
observed to grow at ~16 000 c n r1 in the visible region of the spectrum was tentatively 
assigned as L.M.C.T. for the Cu3+ species. In much the same way, the first reduction of 
[CunL] was assigned as a metal-based process, Cu2+/C u1+ i.e., reduction resulted in the 
growth of an intense band around 16 000 cm-1, accompanied by less dramatic changes in 
the UV region. The striking low energy band in the visible region of the spectrum was
Chapter 3 60
18000-1
15000-
12000-
9000 -
6000 -
3000 -
20000 15000 1000035000 30000 2500045000 40000
Wavenumber, cm'
240001
20000 -
16000 -
12000 -
8000 -
4000 -
45000 40000 35000 30000 25000 20000 15000 10000
Wavenumber, cm ' 1
Figure 3.1 Spectral progression for the one-electron reduction of (a) [Cu( CgdoH)2 ] in 
0.5 M [nBu4N][BF4] /CH2Cl2 at 20°C, and (b) [Cu(C8d oB F2)2] in 0.5 M 
[nBu4N][BF4]/CH2Cl2 at -60°C.1
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assigned as a M.L.C.T. band for the Cu1+ species. It had already been proposed on the 
basis of semi-empirical SCF-MO calculations that the characteristic bands in the UV 
spectrum of [Cu(dmgH)2] and [Ni(dmgH)2] were due mainly to ligand-based n-n* 
transitions. Therefore, if the reduction process was based on the ligand orbital manifold, 
more pronounced changes would be expected to occur in this region of the electronic 
spectrum.
Further characterisation of the Cu1+ species was attempted following reaction of 
[Cu(CndoBF2)2] (n = 8,12) with cobaltocene, Co(cp)2, as a suitable reducing agent. 
After reaction of [Co(cp)2] with one mole-equivalent of [Cu(CsdoBF2)2], a stable blue 
solid was isolated. Elemental analysis (C, H, N) appeared to confirm the stoichiometry 
[Co(cp)2] + [CuI(CgdoBF2)2]"- Importantly, the 1H NMR spectrum of 
[Co(cp)2]+[CuI(CgdoBF2)2]' indicated it to be diamagnetic and was very similar in 
appearance to that of [Ni(CgdoBF2)2], with an additional singlet due to [Co(cp2)]+. This 
strongly suggested the presence of a Cu1+ metal centre, as no paramagnetic broadening 
was observed, and that the ligand array had not been reduced. The cyclic voltammetry 
was also very similar to that of the unreduced starting complex, with an additional 
reversible one-electron couple at -1.3 V attributable to [Co(cp)2]+/[Co(cp)2]. The 
infrared spectrum revealed a new band at 1370 cm-1 assignable as some form of imine 
vibration in concordance with a study by Gagne et al. on the related ligand complex 
[CuI(semimacBF2)]°.9 Unfortunately Baxter was not able to unambiguously characterise 
this material further, although structural characterisation of the deep blue 
[CuI(semimacBF2)]° complex by Gagne et al. provides excellent evidence for the nature 
of all the Cu1 four-coordinate species generated in our own work ([CuI(semimacBF2)] is 
described as containing Cu1 in a distorted square planar geometry).9
3.2.2 Discussion
The coordination factors favouring Cu1+ and Cu3+ are normally considered 
mutually exclusive; a review of the literature indicates that attainment of both the Cu1+ 
and Cu3+ oxidation states supported by the same ligand array would be unusual. Ligand 
environments having saturated amines and/or an enforced rigid square planar structure 
had been shown to destabilise Cu1+ with respect to Cu2+.4,10 Busch et al. observed that 
the presence of ligand unsaturation favoured the formation of lower valent states.6 This 
was explained in terms of the o and n bonding features of the Cu2+ and Cu1 + 
macrocyclic complexes, such that Cu1+ (d10) can transfer electron charge by a back- 
donation mechanism if the ligand possesses orbitals of the appropriate type and energy. 
(Introduction of the BF2 group would naturally further enhance this effect. However, the 
tendency to withdraw electron density from the metal should not favour the formation of
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the trivalent state relative to the divalent state.) The stabilisation of Cu3+ by imine-oxime
ligands had been suggested previously when Sulfab and coworkers carried out the
chemical oxidation of two such copper complexes and assigned the resulting products as
Cu3+ species. However, it should be noted that this assignment was made on the basis
of cyclic voltammetry and the absence of an EPR signal only; no conclusive spectral
11 1 Sevidence was presented.
The spectroelectrochemical studies carried out by Baxter, on the other hand, have 
led to the conclusive assignment of the metal-centred reduction and the metal-centred 
oxidation products for the bis-dioximato copper complexes. As noted above, stabilisation 
of both these oxidation states by the same ligand array is unusual and it would appear that 
the bis-dioximato ligands combine the most important features which stabilise C u1+ and 
Cu3+ (i.e., the a-diimine functionality, which permits the back-donation mechanism 
thought to promote formation of Cu1+ (see above) and the negative charge required to 
stabilise Cu3+). The O-H—O substituents on the imine nitrogen atoms are associated with 
an overall negative charge which can be delocalised to the N-atom (see Figure 3.2), and 
thus stabilisation of Cu3+ is encouraged.
OH OH
N R — N R
N
II
R
:o - o
Figure 3.2 Charge delocalisation in coordinated dioximato ligands.
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3.3 ELECTROCHEMICAL INVESTIGATIONS ON THE BIS- 
DIOXIMATO COMPLEXES [M (CnDOX)2] (M  =  Ni, Pd, Pt)
(n =  8, 12) (X = H, BE2)
3.3.1 Preliminary Remarks
In contrast to copper, the literature indicated that ligand reduction often intervenes 
for divalent nickel complexes containing similar ligands to those discussed above (§3.2), 
and that this depends on the nature and degree of unsaturation of the ligand. In particular, 
the one-electron reductions of nickel complexes incorporating a-diimine moieties have in 
many instances led to the anionic ligand radical species. Gagne and Ingle characterised a 
number of one-electron reduced complexes related to those to be discussed below, in ' 
particular [Nin {(dmgBF2)23-}*]' and [NiII{(semimacBF2)2'}*]'-14 From EPR studies 
they assigned the one-electron reduced product for both complexes as ligand radical
The fact that tetra-aza macrocycles exist 
where the one-electron reduction can be either 
ligand- or metal-based was quite effectively 
demonstrated by Gagne and Ingle who synthesised 
a Ni2+ complex based on the macrocyclic ligand 
(3.1), which on reduction exhibited both reduced 
forms in equilibrium, i.e., the Ni1+ (d9) species 
and the Ni2+ stabilised ligand radical anion.14 This 
particular ligand was chosen to diminish the Ni2+ 
stabilising effect by increasing the cavity size, thus 
minimising the favourable M-ligand interaction (a and 7t). An equilibrium situation 
resulted giving an EPR spectrum at room temperature, which was a hybrid of those of the 
two species. Cooling to -60°C gave a spectrum which was predominantly the Ni2+ 
stabilised radical anion; the complex thus demonstrates thermally dependent valence- 
isomerism.
Oxidative investigations of Ni2+ complexes incorporating other dianionic ligands, 
on the other hand, showed that the presence of the negative charge promoted the 
formation of the higher oxidation states, while making the reduction process more 
difficult.6 EPR spectroscopy revealed that, for these ligands, the products of oxidation 
exist as low spin, square planar, Ni3+ complexes. The requirement of negatively charged 
ligands to stabilise the Ni3+ oxidation state was recognised as precisely the situation 
present in the dinegatively charged ligand arrays of CsdoH2 and Ci2doH2- It therefore
\  / F 
o^(B)^o
(3.1)
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seemed very likely that these chelates could facilitate formation of the Ni3+ dioximato 
complexes (and indeed the corresponding Pd3+ or Pt3+ complexes).
3.3.2 Results
In direct contrast to the electrochemical products of the bis(dioximato) copper 
complexes, the oxidation and reduction of the bis(dioximato) d8 metal complexes, MnL 
(M = Ni, Pd, Pt), have previously been assigned by Baxter as resulting from ligand- 
based processes.1 The monomeric species and (MIIL’/+)+ were generally
found to be kinetically unstable and it was not always possible to characterise them. In 
these cases, rapid rearrangement was believed to occur resulting in the formation of 
discrete daughter products with substantially shifted E \/2 values. It was proposed by- 
Baxter that the rearranged products were dimeric species: (LM ^L)2- and (LMnI2L)2+, 
respectively.1
The E \n  values for the cathodic and anodic redox steps of [M(CndoX)2] (M = Ni, 
Pd, Pt) (n = 8, 12), (X = H, BF2) are listed in Table 3.1. Each of the complexes listed 
undergoes a one-electron reduction (as determined coulometrically) and a one-electron 
oxidation. For the BF2-substituted analogues a second reduction is observed, although 
this is clearly discernible only for the nickel chelates due to the onset of solvent reduction. 
Both anodic and cathodic redox potentials for these d8 metal complexes occur at more 
extreme potentials than the corresponding processes for the analogous copper chelates. 
The separation of the two successive reduction potentials for the [Ni(CndoBF2)2l 
complexes is ~0.5 V.
The potential for the first oxidation £ i /2ox(1) in CH2CI2 is similar for each of the 
d8 bis-dioximato metal complexes (-+1.3 V), but compared to copper, the oxidation is 
only at best partially reversible, even at fast scan rates and low temperatures. Fast 
scanning voltammetry revealed a daughter product wave about 1.7 V more cathodic than 
the vestigial return wave for the oxidation and the position of this was once again 
invariant for the different central metals (Figure 3.3). The wave was presumed to be due 
to the two-electron reduction of [Mni(CndoH)2]22+ (n = 8, 12) formed on rearrangement 
of [Mn {(CndoH)2 } ]+ (i.e., in keeping with the proposal that oxidation and reduction of 
these complexes resulted in ligand anion and cation radicals which then rapidly 
dimerised).
Like the first oxidation, the first reduction of the CndoH_ complexes was found to 
be at best partially reversible and once again the potential for this reduction was 
independent of the coordinated metal ion ( £ 1/2 —1.2 V). Fast scanning cyclic
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voltammetry also revealed a new daughter product, this time about 1.9 V more anodic 
than E \ /2 for the first reduction. This was proposed to be due to the oxidation of 
[MI(C8doH)2]22'- No direct voltammetric evidence that the return oxidation or reduction 
of the appropriate proposed dimer was a two-electron process was presented, but it was 
subsequently shown spectroscopically that the rearranged product could be returned to 
[Mn(CndoH)2] for M = Pd, Pt.1
Volts (vs Ag/AgCl)
Figure 3.3 Cathodic cyclic voltammogram o f [Pt(CgdoH)2] in 0.5 M  
[nBu4N][BF4] at -60°C #
The voltammetry of the bis-BF2-substituted complexes in CH2C I2 was 
complicated, and that of the daughter products irreversible. In contrast, in DMF at -30°C, 
the [Ni(CndoH )2] (n = 8, 12) complexes exhibited a fully reversible one-electron 
reduction assigned to formation of [Nin {(CndoH)2'}']~, while the [Ni(CndoBF2)2] (n = 
8, 12) complexes in DMF showed two reversible one-electron reductions. This indicated 
that the ligand radicals thought to form were stable under these conditions and that 
rearrangement to the dimer was not occurring. However, no improvement of reversibility
# Cyclic Voltammetry initially performed by Baxter;* Repeated this work.
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was observed for the respective Pd2+ and Pt2+ chelates in this solvent and the daughter 
product wave about 1.7 V anodic of the first reduction for the Pd/Pt-BF2 complexes was 
presumed to be due to the oxidation of the dimer [M1(CndoBF2)2k2'- The replacement of 
the 0-H --0  bridge by O-BF2-O had a qualitatively similar effect on the redox potentials as 
observed for the analogous copper chelates, i.e., reduction was facilitated, but the redox 
potentials for the d8 metals were affected to a much greater extent by this substitution.
This observation was also reflected in the 
redox potentials of another closely related group 
o f c o m p o u n d s  s tud ied  by B ax te r  
‘[M(semimacH)]+’, where one O-H—O bridge 
has been replaced by a CH2CH 2CH 2 (Figure 
3.4). Therefore the voltammetric behaviour of 
these complexes was found to be markedly 
dependent on the bridging moiety, and in some 
cases, on the solvent used.
This has been taken as further qualitative evidence that the Ni, Pd and Pt complexes are 
reduced at the ligand, and more sensitive to bridge substitution - d8/d9 NiJ1/1 would use 
the same orbital (dx2~y2) as Cun/1 (d9/d10).
It was evidence such as this, i.e., the quantitatively greater effect of the alternative 
bridges on the d8 metal complexes compared to the analogous copper complexes, that 
suggested that the electron transfer processes for the Ni, Pd and Pt triad metal complexes 
involved ligand-based molecular orbitals. The other voltammetric results supporting this 
conclusion were: (a) the invariant redox potentials observed for all the d8 metals when 
incorporated in the same ligand array. It seemed unlikely that different metal ions from 
the 3d, 4d and 5d periods would show a metal-based redox process at the same potential; 
and (b) the separation of the two successive one-electron steps (also observed for 
semimac) was consistent with ligand- rather than metal-based electron transfer.15
In order to investigate the nature of the electrode products more thoroughly, 
spectroelectrochemical experiments were also carried out. Tables 3.3 and 3.4 list the 
spectral data for the one-electron reduced and oxidised species, respectively (as reported 
by Baxter). Stabilisation of the primary one-electron redox species could only be 
achieved for the reduction of [Ni(CndoH)2] and [Ni(CndoBF2)2] in DMF at -30°C. The 
spectral progression of the first reduction of these nickel complexes resulted in the growth 
of an extremely broad low energy band centred at ~ 10 500 cm '1 (e ~4 000 m ol'1 lcm*1) 
and ~11 000 cm '1 (e ~2 000 m o H lc n r1), respectively. This was designated as being 
characteristic of a 7t-radical ligand chromophore.15 In addition, Gagne and Ingle
h3c.
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Figure 3.4 [M(semimacH)]+
C
om
pl
ex
 
B
an
d 
po
si
tio
ns
 v
/c
nr
* 
(in
te
ns
ity
 e
/m
ol
'M
cn
r1
)
[N
in
(C
8d
oH
)2
(3
-)'
]-a
 
10
 6
50
(3
90
0)
, 
16
 4
00
(2
00
0)
. 
29
 4
00
(7
70
0)
, 
23
 6
00
(s
h)
, 
26
 3
00
(s
h)
*,
 2
7 
70
0(
sh
), 
30
 3
00
(5
20
0)
,
38
 1
50
(2
4 
70
0)
[N
i(C
8d
oH
)2
] 
23
 6
00
(s
h)
fc, 
26
 3
00
(s
h)
, 2
7 
70
0(
sh
), 
30
 3
00
(5
20
0)
, 3
8 
15
0 
(2
4 
70
0)
67
[N
in
(C
8d
oB
F2
)2
'3
'l‘
]-<
; 
10
 8
00
(2
10
0)
, 2
3 
JU
U
(O
O
U
), 
2V
 u
uu
(s
n)
, s
l
 'i
uu
(s
n)
[N
i'(
C
8d
oB
F2
)2
(2
'l’
]2
- 
16
 2
00
(2
30
0)
, 2
3 
50
0(
26
00
), 
28
 1
00
(5
10
0)
[N
i(C
8d
oB
F2
)2
] 
23
 6
00
(s
h)
, 2
7 
20
0(
sh
), 
28
 1
00
(5
60
0)
, 3
6 
60
0(
sh
), 
40
 8
00
(s
h)
C
om
pl
ex
 
B
an
d 
po
si
tio
ns
 v
/c
n
r1
 (
in
te
ns
ity
 e
/m
op
'lc
m
"1
)
[P
dI
(C
8d
oB
F2
)2
<2
-)]
22
' 
23
 O
OO
(sh
), 
30
 0
00
(s
h)
, 3
7 
50
0(
 15
 3
00
), 
40
 0
00
(1
4 
10
0)
[P
d(
C
8d
oB
F2
)2
] 
28
 0
00
(s
h)
, 3
5 
41
0(
11
 9
00
)
68
BF
2)
 (
0.
5 
M
 [B
u4
nN
)[B
F4
]/C
H
2C
l2
.
[N
im
(C
8d
oH
)2
<2
->
]2]
2+
 
18
 7
00
, 2
2 
80
0(
sh
), 
26
 3
00
, 2
7 
80
0(
sh
), 
31
 0
00
(s
h)
, 3
8 
40
0
69
ooof
o
oolo o
l> OCNCO Ov
r' oo VOc/3 N__ ' r-o VOo COCO
S~~s
of 43CO c/3
O
/— \ OO *— 1OVO ofCO00
o ✓-\oU-) O00 r-ooCN —^ ✓CO oor-
o CNo COr- „r-~ o
o O oo VOr- VO 00
oo oo CO CvCO CO
S
o'oO
OCO
C/3 VO — soo CN
43C/3 >__ ✓o /— V43 Oo00 Cfl oCN Ooo
OOCN
✓-\ s CN 43 /— - N43 C/3 43 CN C/3 43C/3 C/3 C/3o OVO < 3 > o o O Oo VO o o O oVO of r - ~ Of o
VO of CN 00 VO COco CN Of — 1 CO CN
•o
o
S*.
*
^3
s
sCQ
Chapter 3 70
described the UV-visible spectrum of the one-electron reduced [Ni(dmgBF2)2] complex 
(which they assigned as a ligand radical species from EPR evidence) and this also 
exhibited a broad absorption around 11 000 cm-1.14 This supported the formulation of 
the more reactive reduced [Ni(CndoH)2] complexes as Ni2+-stabilised ligand radical 
species ([Nin {(C8doH)2'}]-).
In CH2CI2, reduction of the NinL starting materials in a spectroelectrochemical 
cell resulted in the growth of bands which subsequently collapsed in favour of a second 
and final spectrum. The initial transient spectra noted in the reduction of the nickel 
complexes in CH2CI2 were observed to be very similar to the [Nin {(CgdoH)2’}‘]~ ligand 
radical species generated in DMF. Thus, the ligand radical anions were assigned as 
genuine intermediates in the proposed rearrangement leading to the ultimate electrode 
product, i.e., the dimeric species [MI(CndoH)2]22_-
Unlike the reduction of the nickel complexes, isosbestic points were maintained 
throughout the reduction of the palladium and platinum H-bridged complexes, which 
Baxter suggested was due to the intermediate ligand radical anion being very short lived 
for the 4d8 and 5d8 metals (relative to nickel). In addition, the reduction processes for the 
Pd and Pt compounds were reversible (chemically), whereas the reduction of the nickel 
dioximes was not, the products being unstable. The final spectra of the cathodic products 
for all three metals in CH2CI2 were observed to be very similar to that of the parent 
dioxime compounds, although bulk electrogeneration and subsequent voltammetry of the 
one-electron reduction products showed their respective redox behaviour to be very 
different from the parent complexes, i.e., shifted electrode potentials.1
Baxter reported that reduction of [Pd(semimacH)]+ in CH2CI2 at -60°C in the 
OTTLE cell resulted in a ‘flux of ligand radical species’, i.e., a species with bands in 
approximately the same positions as the analogous one-electron reduced nickel complex 
was observed. This product was unstable and a ‘daughter product’ was observed to 
form. Again, the final UV-vis spectrum for the rearranged one-electron reduced species 
was very similar to that of the parent complex and the reduced material was assigned as 
being a [PdI(s e m im a c H )]2  dimer. Replacem ent of H+ by BF2+ to give 
[Pd(semimacBF2)]+, on the other hand, resulted in a complex with a fully reversible one- 
electron reduction that gave a stable primary reduction product at -60°C. The spectral 
progression during the first reduction was similar to that for [Pd(semimacH)]+, i.e., 
bands at 10 500 and 12 500 cm-1 were observed and assigned as being due to a Pd2+- 
stabilised ligand radical.
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Interestingly enough, the same effect was observed on reduction of 
[Pd(CndoBF2)2] compared to the H-bridged analogues. Upon reduction of the BF2+- 
substituted Cs and C 12 complexes, short-lived bands between 7500 - 12 500 cm-1 were 
detected. This observation was not commented on further by Baxter, presumably due to 
the fact that the putative radical species were insufficiently stabilised by the BF2+ 
substitution to be characterised further.
Formation of only one spectrum was observed for the oxidation of each of the 
dioximato compounds (Table 3.3), and despite the fact that the primary oxidation 
products could not be stabilised for further characterisation, Baxter assigned the final 
spectra as resulting from the generation of one discrete dimeric species, i.e., 
[Mni(CndoH)2]22+- This was based on resemblance of electronic spectra of the oxidation 
products and those of the parent complexes, which was taken to suggest (as for the final 
reduction products) that the oxidation state of the ligand was ultimately unaltered.
Attempts were made by Baxter to characterise the proposed dimeric products 
believed to result from rearrangement of the ligand radical intermediates by methods such 
as NMR, EPR, and chemical oxidation/reduction, as appropriate. However, many of the 
initial results were irreproducible and inconclusive. Over the last five years, studies of 
the d8 dioximato metal complexes have matured, particularly in the area of the oxidative 
chemistry of the [Pt(CndoH)2] complexes. The chemical (synthetic) emphasis of these 
investigations will be elaborated on in Chapter 4. Furthermore, in collaborative studies 
with Bond et a l ,  the voltammetry and electrolytic EPR of the [N i(CsdoH )2] and 
[Co(CgdoH)2] complexes have recently been reexamined.
Again, [Ni(CsdoH)2l was found to exhibit a one-electron reduction and one-electron 
oxidation, although both the reduced and oxidised forms were found to have a short half-life at 
room temperature since fast scan rates (1000 mVs'1) were required to achieve electrochemical 
reversibility. The instability of the reduced species was confirmed by the observation of a second 
process at -0.6 V present only on second and subsequent scans during cyclic voltammetric 
experiments. Importantly to this work, in-situ EPR-electrochemical measurements were 
undertaken in a Bruker ECS 106 spectrometer linked to a gas cooled temperature controller and a
o  1 z:
specially designed electrochemical cell. This allowed generation of the short-lived one- 
electron oxidised and reduced species of the nickel complex in the EPR cavity itself.
An initial EPR spectrum of a solution containing 5 xlO '3 M [Ni(CsdoH)2] in 
dichloromethane produced no signal. Upon oxidation of the solution at +1.1 V, a single 
line EPR signal at g = 2.02 was detected (Figure 3.5 A). No nitrogen coupling was
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Figure 3.5 EPR spectra obtained at 22°C in 0.1 M[nB u4N] [ PF$] after A
electrochemical oxidation of [Ni(CsdoH)2]; B electrochemical redaction of
[Ni(CsdoH)2]: (i) initial spectrum, (ii) spectrum after 20 minutes reduction, and (Hi)
91spectrum after 40 minutes reduction.
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detected, suggesting that a transient nickel(III) species was formed upon electrochemical 
oxidation. Bond et al. have proposed that the initial oxidative electron transfer process is 
described by equation (3.1), where electron transfer occurs predominantly via the metal 
centre and not the ligand.
[Nin(C8doH)2] “  [Ninl(C8doH)2]+ + e" equation (3.1)
Detection of the reduction product of [Ni(CgdoH)2] required signal accumulation 
by multiple EPR scans in order to detect the weak signal of the transient reduced species 
while holding the cell at a constant potential, sufficient to reduce the starting material. 
Initially a weak nine-line EPR signal was observed with g = 2.09 and an intensity ratio of 
1:2:3:4:5:4:3:2:1 (see Figure 3.5 B). The hyperfine coupling was consistent with the 
interaction of the electron with four equivalent nitrogen atoms and was consistent with a 
paramagnetic nickel complex in which four equivalent nitrogen atoms surround the central 
metal atom. As time passed, a three-line EPR signal of g = 2.01, intensity 1:1:1, was 
observed and grew at the expense of the nine-line spectrum. This final three-line spectrum 
is consistent with a secondary product (derived from the first) in the form of an organic 
radical species in which an electron is coupled with one nitrogen atom only.
3.3.3 Discussion
The EPR experiments carried out on [Ni(C8doH)2] by Bond et al., combined with 
their voltammetric data, indicate that for this metal the reduction process is essentially
a
ligand-based while the oxidation process is predominantly metal-based. These results 
for the reduction are consistent with the observations made by Baxter in the 
spectroelectrochemical experiments on the [M(CndoH)2] complexes, i.e., the growth of a 
transient UV-visible spectrum which ultimately collapsed in favour of another and final 
spectrum upon exhaustive electroreduction. Coupled with voltammetric data, the 
reductive behaviour of these complexes can be designated as predominantly ligand-based, 
in agreement with the in-situ EPR experiments. The original contention that reduction of 
[M n (C ndoX )2] (M = Ni, Pd, Pt) (X = H, BF2) gave rise to radical species which 
subsequently coupled forming face-to-face N^M1 unsupported dimers as the final product 
of the reductive electrochemistry, is now considered highly unlikely. If nothing else, the 
stability of such a system would depend on face-to-face (5) overlap of the two dx2-y2 (M- 
Lo*) orbitals and although dinuclear metal-metal bonded platinum(I) complexes are not 
uncommon, and have been the subject of numerous spectroscopic, structural and
I n
electrochemical studies, almost all these diplatinum(I) compounds contain platinum- 
carbon bonds or ligands such as phosphines and hydrides.18“20
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Turning to the oxidations (as background to the intriguing possibility that the 
CndoH2 ligands might facilitate formation of Ni-, Pd-, or Pt-dioximato complexes in the 
oxidation state (III)), although no authentic singly bonded dinuclear dinickel(III) or 
dipalladium(III) complex has been isolated in the solid state to date, several closely related 
dinickel(II) and dipalladium(II) species have been prepared, and various attempts made to 
oxidise them. For example, upon reaction with iodine the dithioacetato complex [Ni2(|H- 
S2CCH3)4] oxidises to [Ni2(p-S2CCH3)4]oo, which consists of linear chains of 
••T-[N2Sg]"T-[N2S8] - .23 More pertinately, chemical22 or electrochemical oxidation24 
of [Ni2(form)4] (where the two metal atoms in the Ni11 precursor are bridged by the four 
formamidinato ligands (see Figure 3.7 for a schematic of the structures of the ‘form’, 
‘dpb’ and ‘pyS* ligands), with four nitrogen atoms around each atom in a square-planar 
configuration (see Figure 3.6) yields the [Ni2(form)4]+ cation, where ‘fo rm ’ = [{p- 
tol)N CHN (p-tol)]".
Figure 3.6 ORTEP view of the [M2(form)4] (M -  Ni, Pd) molecules in 
M.2(form )4• 2H20 .22
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The EPR-active [Ni2(form )4]+ exhibits a spectrum consistent with axial 
symmetry, with g^ = 2.210 and g y = 2.308. An SCF-Xoc-SW calculation on this
species, along with the EPR spectral results, indicated that the electron lost was from an 
orbital with partial metal-based 8* character (this explained the modest shortening of the 
Ni-Ni bond observed upon oxidation). The analogous palladium compound, 
[Pd2(form )4], has also been investigated.22,24 Unlike the nickel compound which 
showed only one reversible oxidation at £ i/2ox = +0.73 V and an irreversible oxidation at 
£pox = +1.25 V (versus Ag/AgCl), the palladium analogue exhibited a second reversible 
oxidation ( £ i/20X values, +0.81 V and +1.19 V versus Ag/AgCl). However, only the 
product of the first oxidation was chemically isolated following reaction with AgPFö, and 
it was structurally characterised as [Pd2(form)4][PF6]. This product was paramagnetic, 
and in this case, the EPR spectrum and SCF-Xoc-SW calculations were consistent with 
the odd electron occupying a ligand-based molecular orbital. It was therefore concluded 
that “it is apparently not possible to prepare a genuine Pd25+ complex (oxidation of the 
Pd24+ species having been found to occur on the ligand rather than the metal), and thus it 
seems entirely unlikely that any Pd26+ complex will be accessible.”22
In contrast, [Pd2(|J.-dpb)4], where ‘dpb ’ = [PhNC(Ph)NPh]_, undergoes a 
reversible one-electron oxidation to form the radical cation [Pd2(dpb)4]+. The axially 
symmetric EPR signal has been interpreted in terms of the oxidation being metal- 
centred.25
tol N (-) N —
\  /
C
H
tol Ph—N (-) N— Ph
cp
Ph
S'
'form' 'dpb' 'pyS'
Figure 3.7 Schematic structures o f the ligands form ', ‘d p b a n d  ‘pyS’.
The dipalladium complex [Pd2(pyS)4] undergoes an irreversible one-electron 
oxidation, but in the presence of halide ion (CT or B r)  a new quasi-reversible two- 
electron couple appears at a much more negative potential. This has been attributed to the 
generation of the dipalladium(II) species [Pd2(pyS)4X]+, but such an entity has not been 
isolated or characterised further.26 The Pdni oxidation state has on the other hand been 
stabilised by appropriate donor atoms giving rise to the isolation of some mononuclear 
Pd111 complexes.27,28 Examples of these remain rare, however.
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The existence of mononuclear Ptin complexes in solution was first proposed in 
1954 to account for the effect of oxidising agents, reducing agents and light on the 
exchange of chlorine or platinum between the substitutionally inert complexes [PtCl4]2_ 
and [PtClö]2'.29 Following this first proposal, the formation of Ptm intermediates in 
solution was postulated on many occasions in discussions of numerous platinum(II)/(IV) 
redox and substitution reactions. Despite this, it was not until three decades later that 
the first true mononuclear Ptm  complex appeared in literature, characterised by 
crystallographic and magnetic measurements, namely [XBu4N][Ptm (C6Cl5)4].34 This 
inaccessibility of the Ptm  monomers has made it difficult to generalise about their 
geometric and electronic structure, and to assess their reactivity.
In contrast, the existence of platinum in the +3 oxidation state is unequivocal in 
the case of binuclear, diamagnetic systems. However, until recently, compounds of this 
kind have contained either two or four bridging ligands and have included anionic, 
cationic, and neutral species. These will be elaborated on in Chapter 4.
Given this background, it still remains, therefore, to explain the ultimate fate of 
the electrochemically oxidised and reduced Cs and C12 dioximato complexes. As 
described above, reduction of each of these results in a daughter product but it is thought 
that a face-to-face M^M1 dimeric product is unlikely (certainly unbridged), for reasons 
explained above. The systems are chemically reversible in the case of [Pd(CndoH)2] and 
[Pt(CndoH)2], and the product of reduction of each exhibits electrode potentials well 
shifted from those of the parent complexes. This is indicative of a structural 
rearrangement having occurred. It is unclear at this stage exactly what this structural 
rearrangement is. However, there is precedence in literature for modifications of the 
equatorial ligands of the dimethylglyoxime complexes of, for example, cobalt and 
rhodium. Electron transfers between metal ions and macrocyclic equatorial ligands have 
previously been reported for Co1 complexes with high delocalisation in the equatorial 
plane. ' The reduction-induced cleavage, for instance, of the Co-C bond in 
[Co(dmgBF2)2(X)(R)] (X = py or H2O) results in the formation of an alkene and a Co11 
complex with a reduced macrocycle,38 while Rh111 complexes of the equatorial moiety 
[(Hdmg)(Hbdio)] (Hbdio = 2,3-butanedione 2-imine 3-oximate) have been reported by 
Dreos et al. In these examples, the reaction of [RhI(Hdmg)2] with phosphines of small
cone angle and good donor ability such as PEt3, wBu3P, and PPh2Me, results in an oxime 
group of one of the.two equatorial dimethylglyoximato ligands being converted to an 
imine group. It is feasible that a chemically reversible transformation of this nature 
occurs upon electrochemical reduction of the Ni, Pd, and Pt - [Cs/i2doX)2] (X = H, 
BF2) compounds, or perhaps even a reaction involving the hydrogen bonds of the 
complexes - a phenomenon which again has previously been noted.40
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Along with the reductive processes described above, Baxter also concluded that 
the oxidative behaviour of the dioximato d8 complexes was indicative of ligand-centred 
reactions, in contrast to the more recent conclusion by Bond et al. that the oxidation of 
[Ni(C8doH)2] is largely metal-based. As already mentioned, isolable Ptni compounds of 
the dioximato ligands have been discovered in this laboratory; they are dimeric and 
diamagnetic. It is interesting to note that whereas Baxter did not report the observation of 
a transient intermediate associated with a radical species in the spectroelectrochemical 
oxidation of [M(CndoH)2] (M = Ni, Pd, Pt) (n = 8 ,12), the more sensitive EPR 
experiments carried out at Monash University did indeed see an EPR-active species upon 
oxidation of [Ni(CsdoH)2], although its existence was short-lived with an estimated half- 
life of about two seconds (deduced by observing the decay of the EPR signal intensity at 
a constant magnetic field after switching off the potential). This suggests the possibility 
that the spectra observed by Baxter on oxidation of the [Ni(CndoH)2] complexes were in 
fact due to M111 monomers, and not the diamagnetic metal-metal bonded products first 
proposed. Baxter noted that the spectral changes during the one-electron oxidation of the 
nickel and palladium complexes (similar to the progression for the platinum complex 
oxidation, see Figure 4 .7 , Chapter 4) produced products with spectral characteristics 
similar to the parent complexes, suggesting that the oxidation state of the ligand was 
unchanged. However, it was not possible to quantitatively regenerate the starting 
spectrum for the nickel and palladium complexes, indicating that some decomposition of 
the oxidised products was occurring. By contrast, the starting spectrum of the platinum 
compound could be regenerated, but only at -1.0 V, well away from the initial oxidation 
potential.
Unfortunately, electrochemical-EPR experiments have not as yet been carried out 
on the palladium and platinum Cs and C12 complexes to see if they give EPR signals 
analogous to those of [Ni(CsdoH)2] upon oxidation. Such experiments are planned in 
the future as the question of the site of oxidation for these metals still remains 
unanswered. However, we believe that the behaviours of the palladium and platinum 
complexes are more likely to align with each other than with those of the nickel 
complexes.
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4.1 IN T R O D U C T IO N
Although the +3 oxidation state of platinum can no longer be considered rare or 
unusual, it is of enduring interest and there are only a few classes of compounds which 
have been well characterised. Amongst the compounds that possess the G 2 7t2 8 2 5 * 2 7 i* 4  
configuration, singly-bonded diplatinum(III) complexes are second in number only to 
dirhodium(II) species.1 Indeed, prior to 1980, only a handful of such compounds were 
known.2,3 The situation has since changed dramatically.
Thus, with the exception of a few specialised mononuclear complexes such as 
(nBu4 N)[Pt(C6 Cl5 )4 ], and [Pt(l,4,7-trithiacyclononane)2]3+, the vast majority of Pt111 
complexes possess a Pt26+ core and are stabilised by ligand bridges, with bridging 
oxyanions (sulphate, phosphate, pyrophosphite) and mixed N-O donor sets (such as 
hydroxypyridinato) particularly common. The most familiar Ptin compounds are the 
‘lantern dimers’, (4,1) spanned by, for example, bidentate sulphate bridges, with the Pt- 
Pt distance varying between 2.4 and 2.8 Ä, according to ligand constraint.4
Basic structure o f quadruply bridged dinuclear complexes or 'lantern dimers'.
Most of the dimeric complexes have been obtained either by reaction of an appropriate Ptn 
starting material with a potentially bridging ligand at high temperatures under atmospheric 
oxygen, or by oxidation of the pre-assembled precursor binuclear Pt11 complexes. In all 
cases, the platinum atoms are held in close proximity by the bridging ligands, so that the 
structural effect of the formal metal-metal single bond between the two d7 metal ions is 
hard to assess. However, in 1991, the first unbridged diplatinum(III) compound, 
bis[bis( 1-imino-1-hydroxy-2,2-dimethylpropane)trichloroplatinum(III)], discovered by 
Cini et al., w as re p o rte d .5 As show n in F igure  4 .1 , d im eric  
[Ptni2 Cl6 {HN=C(OH)C(CH3 )}4 ] contains two chloride ligands and two monodentate 
imines in the equatorial plane and has an intermetallic bond distance of 2.694(1) Ä.
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C(3B>
Figure 4.1 ORTEP diagram o f the unbridged Ptn i-Ptn i dimer, b is[bis(l-im ino-l- 
hydroxy-2,2-dimethylpropane )trichloroplatinum( III) ].5
Particular interest in Ptm chemistry has arisen from the occurrence of mixed- 
valence, one-dimensional materials,6,7 such as the biologically active “platinum 
blues”. From a quite different viewpoint, there is the possibility of participation of 
Ptin in a range of formally Ptn/PtIV redox processes.12' 14
It was the belief that the irreversible oxidation of [M(CndoH)2] (M = Ni, Pd, Pt) 
led to a Mm -Min diamagnetic daughter product, as proposed by Baxter,15 which focused 
attention in this laboratory on achieving chemically what had been deduced to occur on 
the basis of voltammetric and spectroelectrochemical evidence. Given the precedent in the 
literature for Ptm -Ptm dimers, albeit bridged, it was to the oxidation of [Ptn (C8doH)2] 
that attention first turned, with notable success. A suitable chemical oxidant was found in 
the form of a crystalline adduct of CI2, viz. P-CIC6H4ICI2.16 (See Appendix 4.1 for 
general experimental details.) At this time Cini’s contemporary study5 had not appeared.
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4.2 GENERATION OF THE PTU I DIM ERIC COM PLEXES ,
[Pt(C8/12doH)2Cl]2
4.2.1 The Chemical Oxidation o f  [P tn (C sd o H )2]
In 1991 it was discovered that restricted chlorination of the monomeric complex 
[P tn (C 8doH )2] (4.2) by P-CIC6H 4ICI2 afforded a mixture (typically 3:1) of 
[PtIV(CgdoH)2Cl2] (4.4) and the diamagnetic compound [Ptin(CsdoH)2Cl]2 (4.3). The 
latter could be separated chromatographically as a red-orange product readily soluble in
I n
organic solvents. Complex (4.3) (n = 8) was found not to disproportionate on this 
time-scale, but rather was shown to react with further oxidant to form (4.4), as in 
equation 4.1.
C l-© -IC l2 C l-© -IC l2
2[Pt(CndoH)2]------------- ♦  [Pt(CndoH)2Cl] 2 ---------- — ► 2[PtIV(CndoH)2Cl2]
CH2C12, -20°C CH2C12, -20°C
4.2 4.3 4.4
equation (4.1) ( n = 8, 12 )
Complex (4.3) did however slowly disproportionate to (4.2) and (4.4) in solution 
and was observed to require ~7 weeks at ambient temperature for 50% disproportionation 
in CHCI3. Cyclic voltammetry of (4.3) (CH2CI2, 0.5 M [nBu4N ][PF6], versus 
Ag/AgCl) revealed an electrochemically reversible oxidation at +1.62 V and an 
irreversible two-electron reduction at -0.1 V, which regenerated (4.2), as determined 
spectro-electrochemically in a chilled OTTLE cell. (Evidence is presented later which 
shows that ligand oxidation can be anticipated somewhere beyond +1.0 V (see Chapter 
5) ) .
Single crystals appropriate for X-ray study were grown by slow diffusion of ether 
into a CH2CI2 solution of (4.3). X-ray diffraction showed (4.3) to be the neutral dimer 
[Ptm (C8doH)2Cl]2, Figure 4.2, composed of two crystallographically independent 
[Pt(C8doH)2] units connected by a Pt-Pt bond, and capped by axially coordinated 
chloride ligands. In the crystal, the two [Pt(CsdoH)2] units are rotated by 63.5(3)° 
relative to each other. Each PtN4(a-C)4(ß-C)4 moiety is approximately planar (trans-N- 
Pt-N angles: 174(3)-176(3)°). The extended carbocyclic (CH2)4 segments not restricted 
to planarity (Cy and C5) fold outwards for each ligand, i.e., away from the other Pt 
centre, and appear to offer no hindrance to dimerisation. (See also Chapter 6.)
Chapter 4 84
C121 N121 |v-*
N221 4 ^ 0 2 2 1
kL N21^@
CI2
Figure 4.2 Thermal ellipsoid diagram of [Pt(CsdoH)2Cl] 2 showing the labelling of 
selected non-hydrogen atoms. C atoms of each ring are sequentially numbered C(nml) -  
C(nm8) in the directions indicated. Both orientations of disordered ring 22n are shown. 
Ellipsoids show 50% probability levels and hydrogen atoms are deleted.
The face-to-face binuclear structure evidently is retained in solution. This was 
demonstrated by the voltammetric behaviour (inappropriate for the alternative hypothetical 
monomer), by the optical spectrum (no evidence of low energy (d7) L—>Ptm  charge 
transfer or the ligand radical chromophore, L+*), and particularly by the fact that (4.3) 
remains diamagnetic in solution.
The Ptm -C8 dimer has also been characterised by infrared spectroscopy (vPt-Cl = 
374 cm-1, CH2CI2), resonance Raman spectroscopy (vPt-Pt = 139 cm-1), and 195Pt- 
{*11} NMR spectroscopy (8pt = -3371 ppm; see below for further discussion and Table
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4.2). More recently, the exact cyclododecane analogue of (4.3), [Ptm(Ci2doH)2Cl]2, 
Figure 4.3, has also been prepared and structurally characterised. The behaviour of 
[Ptm(Ci2doH)2Cl]2 (e.g., voltammetric, NMR and propensity to disproportionate) is 
analogous to that of [Ptni(C8doH)2Cl]2.
In contrast to the very simple *H NMR spectra of the [M(CndoH)2 ] and 
[M(CndoH)2Ö 2] complexes discussed in §1.3.3, [Pt(C8doH)2Cl]2 and its C \2 analogue 
(see below) are characterised by the intrinsic non-equivalence of the geminally coupled 
endo and exo protons of the ß-CH2 group. In contrast, the apparent equivalence of the 
two ß-CH2 groups at positions 2 and 7 within the carbocyclic ring in [Pt(C8doH)2Cl]2 
could not be frozen out by cooling to 193 K, despite them having different environments 
in Figure 4.2. This implies a low barrier to alteration of the solid-state conformation with 
either free rotation around the Pt-Pt bond, or adoption of a fully symmetric (eclipsed or 
staggered) configuration in solution. The Rh-dimer [Rh(dmgH)2(PPh3)3]2 is essentially 
eclipsed, even in the solid.18
The ^  NMR spectrum of [Ptin(C8doH)2Cl]2 compared with its symmetric Ptn 
and PtIV counterparts has already been shown in Figure 1.8(b), while Figure 4.4 (a) and 
(b) compare the *14 NMR spectra of [Ptni(C8doH)2Cl]2 and [Ptm (C i2doH)2Cl]2 , 
respectively. These *H NMR spectra point to the fact that there is a distinguishable 
‘upper’ and ‘lower’ side to each carbocyclic ring; two ß-proton signals are now observed 
in the +3 oxidation state, and the signals due to the y—»5 protons (C8), y— protons 
(Ci 2) become more complex.
Dimeric [Ptm 2Cl6 {HN=C(OH)C(CH3)}4]5 (mentioned above) is a less 
symmetric, more reactive analogue of our own [Pt(CndoH)2Cl]2 complexes, bearing two 
chloride ligands and two monodentate imines in the equatorial plane. The two unbridged 
complexes, [Ptni2Cl6 {HN=C(OH)C(CH3)}4] and [Pt(CndoH)2Cl]2, were discovered 
independently of one another and reported only months apart. The intermetallic bond 
distance of 2.694(1) A for [Ptin2Cl6{HN=C(OH)C(CH3)}4] is very similar to the values 
determined for [Ptm(C8doH)2Cl]2 (Pt-Pt 2.6964(5) Ä) and [Ptm(Ci2doH)2Cl]2 (Pt-Pt 
2.708(1) Ä). Heath et al. have previously proposed that a length of 2.70 Ä may be 
regarded as standard for a Ptni-Ptm single bond trans to two chloride ligands17 (however, 
it should be noted that the equatorial ligands for all three compounds are very similar in 
this limited data set). This distance is in agreement with the values found in K4[Pt2Cl2(p-
1 Q  O O
P2C>5H2)4] and other pyrophosphite quadruply-bridged dimers. It is, however much 
longer than those found in other Pt111 complexes with either two (by 0.10 - 0.15 Ä) or 
four bridging ligands (by 0.20 - 0.23 A) with a narrower ‘bite’.23"30
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Figure 4.3 (overpage) Molecular Structure of [Pt(Cj2doH)2 Cl]2- 
For further details see also §6.2.6.
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Figure 4.4 JH NMR spectra of (a) [Ptin(C^doH)2Cl]2 and (b) [Ptni(C]2doH)2Cl]2 in 
CDCl3.
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The structural details of the Ptm dioximato C8 and C \2 dimers will be discussed in 
more detail in relation to a comparative analysis of all the dioxime complexes structurally 
characterised during the course of this work - see Chapter 6, §6.2.2. However, it is 
interesting to note that while the metal-metal bond length is not altered by the nature of the 
equatorial ligands (for these three examples), the Pt-Cl bonds are shorter in the bis- 
dioxim ato pseudo-m acrocyclic P t111 complexes (2.386(2) and 2.409(2) Ä for 
[Ptm (C8doH)2Cl]2, 2.364(6) and 2.386(6) Ä for [Ptni(C i2doH)2Cl]2) vs 2.458(3) Ä for 
[Ptm 2Cl6 {HN=C(OH)C(CH3)}4]), and their tendency to disproportionate is much 
diminished.
Attempts to synthesise the [Ptin(C8doH)2]2 and [Ptn i(C i2doH)2]2 dimers with 
alternative capping halides have also been made in order to establish the relative effects of 
axial halides on the Ptni-Ptni bond strength, especially where opposing predictions exist 
(see below). It is believed that [PtnI(C8doH)2F]2 has been prepared from [Ptn (C8doH)2] 
in a similar fashion to [Ptn I(C 8do H )2C l]2 using the fluorine equivalent of p-
'J  1
C1C6H4IC12. The reaction solution changed colour from an orange/yellow to deep red 
(thought to be typical of Pt111) as for the analogous chlorine oxidation, and the Pt-F stretch 
has been identified tentatively by infrared spectroscopy, both for Pt111 and PtIV (Figures 
4.5 and 4.6, respectively). However, attempts to grow crystals suitable for a structure 
determination have been unsuccessful thus far. The insolubility of the supposed fluoride- 
capped dimer appears to be the major hindrance to this, although the extremely 
hygroscopic nature of the oxidising reagent is also a problem. Attempts are still in hand 
to isolate and structurally characterise the [PtIII(CndoH)2F]2 dimers. For example, 
another route to the desired compounds may be by halide exchange on the preformed 
chloro-Pt111 analogues.
In contrast, reaction of [Pt(CndoH )2] with one-half mole-equivalent of Br2
yielded only mixtures of the Pt11 starting material and [PtIV(C8doH )2B r2] at room
xitemperature.
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Figure 4.5 Infrared spectra o f [PtIII(CsdoH)2X ]2, X  = F, Cl. The inset shows an 
ORTEP diagram o f the chloro-capped PtIU dimer (carbocyclic rings omitted).
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Figure 4.6 Infrared spectra o f [PtIV(CsdoH)2X2], X = F, Cl, Br, with inset ORTEP
diagram o f [PtIV(CsdoH)2Br2].
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4.2.2 Electrochemical Generation o f  [Pt(Cnd o H )2Cl]2
As already mentioned, cyclic voltammetry of [P t(C sdoH )2] revealed an 
electrochemically quasi-reversible oxidation at +1.25 V giving rise to a daughter product 
1.7 V more cathodic than the return wave for the oxidation. The same behaviour was 
observed for the [Pt(Ci2doH)2] analogue (see Chapter 3, §3.3).
Prior to the unequivocal discovery of the crystalline Ptm  dimeric bis(dioximato) 
complexes via chemical oxidation of the Ptn starting materials, Baxter had investigated the 
redox chemistry of [Pt(CndoH)2] and assigned the spectrum arising from oxidation to the 
dimeric product [Ptni(CndoH)22']22+-15 The reported spectrum is shown in Figure 4.7.
16000
12000
£ 8000 -
45000 40000 35000 30000 25000 20000 15000
Wavenumbers, cm
Figure 4.7 Spectral progression reported by Baxter for the one-electron oxidation o f 
[Pt(C8doH)2] in 0.5 M [nBu<tN][BF4] at 20°C.15
Subsequent studies have shown that in the presence of added CP (in the form of 
[nBu4N][Cl]), the spectral progression shown in Figure 4.7 rapidly gives way to a final 
UV-visible spectrum identical to those of the appropriate, chemically synthesised dimeric 
complexes, [PtIII(CsdoH)2Cl]2 or [Ptm (C i2doH)2Cl]2 (see Figure 4.8). The electrolysis 
of [Ptn (CndoH)2] in the presence of CP is characterised in particular by the growth of a 
prominent band around 31 400 cm '1. In the absence of chloride, the UV-visible spectral
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Figure 4.8 (previous page) (a) First stage in the spectral progression o f the anodic 
electrolysis o f [Pt(Cj2doH)2] (0.5 M[Bu4n][PFß]/CFl2Cl2) in the presence o f excess 
[Bu4n][Cl] at -60°C. Note how this closely resembles the progression in oxidation o f 
[Pt( CgdoH)2] reported by Baxter in the absence o f C l (Figure 4.7); (b) the second stage 
sees the growth o f in particular, the 31 400 cm'1 band which is characteristic o f the Pt111- 
CndoH2 dimers. This may be compared to the closely related spectrum (c), which shows 
the UV-vis spectrum (CH2CI2) o f a genuine sample o f [Pt^fC^doFL) 2CI] 2 isolated from  
the chemical oxidation o f the Pt11 pecursor. The additional intensity observed in (b) in the 
45 000 cmd region is associated with electrolysis in the presence o f C l.
progression indicated in Figure 4.7 continues unhindered, resulting in a rather broad 
spectrum, compared to those of the [Ptm (CndoH)2Cl]2 complexes, with less intensity in 
the 30 000 to 35 000 cm*1 region. The spectral data for what we now believe to be one- 
electron oxidised intermediates (tentatively designated [Ptm (CndoH)2]+) - if indeed they 
are intermediates in the generation of the dimeric species - and for the true PtinCg and 
PtniC i2 dimers, are given in Table 4.1. The intermediate species may well be capped by 
the electrolyte anion, or solvated in the electrochemical media, since the spectrum bears 
some resemblance to the final chloro dimers.
The most definite new information is that in the presence of chloride at -30°C, it is 
possible to electrochemically generate, and spectroscopically monitor, the formation of 
the Ptm-C8 and -C12 dimeric complexes (3, n = 8, 12) via a transient intermediate species 
(possibly dimerised), which is detectable in the OTTLE cell by its UV-visible spectrum.
Complex Band Position v/cmr1 (e/1 m ol'1 cm-1)
[Ptm(C8doH)2]+ 24 000(sh), 28 000(sh), 30 700(7700), 32 850(8500), 
34 300(sh), 37 500(10 400), 42 400(sh)
[Ptm (Ci2doH)2]+ 23 000(sh), 28 000(sh), 30 390(8100), 32 700(8700), 
34 100(sh), 36 750(9200)
[Ptni(C8doH)2Cl]2 31 400 (17 000), 36 800 (10 000), 43 000(sh)
[Ptm (C 12doH)2Cl]2 31 530 (17 000), 37 540 (10 000), 43 000(sh)
Table 4.1 Spectral data fo r  the intermediates observed in the OTTLE cell upon 
oxidation o f [Pt( CndoH)2], and for the Ptlu-bis( a-dioximato) dimers.
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4.2.3 Discussion
It has previously been proposed (as already discussed) that [Ptm (CndoH)2]22+ 
has been electro-generated directly by one-electron oxidation of [Ptn (CndoH)2] at -60°C 
in a weakly coordinating medium.15,17 It was suggested that this occurred via generation 
of a ligand radical cation which subsequently dimerised to form a Ptm -Ptm bonded 
species. Several factors led to this conclusion, the main points being:
a) the coincident E i/2(ox) values for the [M(CndoH)2] (M = Ni, Pd, Pt) complexes. 
This suggested a ligand-based oxidation common to all three;
b) the fact that the oxidation of [Ptn (CndoH)2] was, at best, only partially reversible and 
gave rise to a daughter product at -0.5 V, suggesting that a major structural change was 
occurring; and
c) that the oxidised spectrum was similar to that of the parent complex(es), therefore 
suggesting that whatever the sequence of events, the final product has the ligand in its 
normal (2-) oxidation state.
However, given that the UV-visible spectra of the crystallographically 
characterised [Ptm (C8doH)2Cl]2 and [Ptin(C i2doH)2Cl]2 dimers are now known, it 
appears that previous arguments based on the experimental evidence outlined above are 
open to question. It is in fact not possible, at present, to state whether the spectrum 
reported by Baxter (Figure 4.7), (and also observed briefly in the oxidation of 
[Ptn (CndoH)2] in the presence of Ck), is due to:
a) a naked dimeric species ([Ptin (C ndoH)2]22+ (as proposed by Baxter) which 
subsequently coordinates chloride (when Ck is present in solution) to give the expected 
UV-visible spectra of the chloride capped dimers;
b) a Pt111 dimeric species, but capped instead by anions supplied by the electrolyte (in this 
case BF4' or PFß'). In the absence of stronger donor ligands, the UV-visible spectrum 
does not exhibit the characteristically intense band at ~31 400 cm-1 which is observed for 
[Ptin (CgdoH)2Cl]2 and [Ptm (C i2doH)2Cl]2. The spectrum of an unsupported dimeric 
Pt111 complex may be relatively sensitive to the donor properties of the capping ligand and 
this would be reflected in the UV-visible spectrum, particularly if the 31 400 cm*1 band 
has an element of X' to [Ptn i]2 CT;
c) an intermediate Ptin monomeric species, which may subsequently dimerise in the 
presence of a sufficiently strong donor capping ligand. The fact that the Pt11 starting 
spectrum can be readily, and quantitatively regenerated at -1.0 V in a weakly coordinating 
medium such as CH2Cl2/[”Bu4][BF4] (i . e at a potential very negative of that required
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for generation of genuine [Ptm (CndoH)2Cl]2) suggests that such a monomeric Pt111 
species must necessarily be structurally altered, as E° has shifted. The EPR spectrum 
attained upon oxidation of [Ni(CgdoH)2] is believed to be due largely to metal-based 
processes. It is possible that if this were the case, i.e., that a metal-based oxidation 
were occurring, such a monomeric complex could well be predisposed to dimerisation. It 
should be noted that [Pt(dpg)2](C104) (which consists of stacks of [PtnI(dpg)2]+ cations 
with equidistant Pt-Pt separations of 3.259(4) A and has no EPR spectrum), offers 
some precedent for believing in existence of monomeric Ptni dioxime complexes. In this 
case the columnar structure is stabilised by the long-range P t-P t interactions, the 
minimum distance of which are determined by the steric requirements of the ligand. 
Initial metal-based oxidation of platinum (or, for that matter palladium) is more likely than 
for nickel.
SCF-Xa-SW electronic structure calculations have previously been shown to be 
useful in providing the basis for a quantitative description of the bonding in metal-based 
dimers. In particular, they can be used comparatively to provide an interpretation of the 
changes occurring when the nature of the terminal ligand is altered.1,35' 37 Preliminary 
SCF-Xa-SW  calculations have been carried out on the dimeric Ptni-dioximato systems
' l  Q
under study here by Dr J. McGrady, and although the results are by no means 
conclusive, they do provide a useful insight into what may be occurring at the molecular 
level in these systems. The electronic structure of ‘naked’ [Pt(CgdoH)2]+, calculated 
using the geometries of the [Pt(CgdoH)2] fragments observed in [Pt(CgdoH)2Cl]2, 
indicates that the ground state of [Pt(CgdoH)2]+ is best described as a ligand radical 
cation. Furthermore, calculations on the [Ptni(CgdoH)2Cl]2 dimer indicated that the first 
oxidation (of the dimer) would result in a dioxime based radical (compared to, for 
example, the metal/terminal ligand (PPI13) based radical described for the one-electron
O Q
oxidation of the isoelectronic [Rh(dmgH)2(PR3)]2- An important conclusion drawn 
from McGrady’s calculations was that in the uncapped dimer, [Pt(CgdoH)2]22+> the a* 
orbital lies below the highest occupied (tu) ligand orbitals, and so any species 
[Pt(CgdoH)2]22+ would consequently have an electronic configuration (g )2(g *)2, 
corresponding to a Pt-Pt bond order of zero. The platinum centres would then formally 
have a d8 configuration, suggesting that the dimer would best be described as a coupled 
pair of radical cations, [Ptn(CgdoH)2+/’]2 (Zinc porphyrin cations are known to form 
such diamagnetic pairs).40
The calculations therefore indicated that, rather than destabilising the Pt-Pt bond 
relative to the uncapped dimer, the Cl ligands are actually necessary for the formation of a 
Pt-Pt bond. That is, a sufficiently strong donor terminal ligand is required to raise the G* 
orbital to higher energy than the highest occupied ligand 7C orbital, thus resulting in the
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formation of a Pt-Pt a  bond.
It is on the basis of these arguments that interest in isolating the fluoride capped 
dioximato (Ptin )2 analogues arose, in order to determine the relative effect of this ligand, 
compared with Cl", on the strength of the Ptm-Ptni bond. Past a certain threshold point, 
increasing the strength of the terminal ligand would potentially mix more Pt-Pt a* 
character into the occupied (Pt-Pt a) manifold and consequently actually weaken the 
bond. However, according to calculation, the Pt-Cl bonding occurs largely through 
donation from the Cl lone pairs into the relatively accessible Pt 6s orbital, and therefore 
does not compete directly with the Pt-Pt bond, which is formed by overlap of the (singly 
occupied) dz2 orbitals. In this case, the 6s orbital protects the M-M bond from the 
potentially destabilising effects of the capping ligands on the Pt-Pt bond. This suggests 
that the Pt-Pt bond lengths in a family of complexes containing the [Pt2]6+ core would in 
fact be less sensitive to the changing terminal ligand environment than analogous Rh24+ 
species, lending support to the contention that a Pt-Pt bond length of approximately 2.70 
Ä may in fact be characteristic of a wide variety of unsupported Ptni dimers.
It is unfortunate that these hypotheses can not yet be tested due to the failure to 
structurally characterise the fluoride dimer(s) thus far. Were this accomplished, valuable 
insight would be gained in a system where, arguably, maximum metal-metal bond 
strength is unusually dependent on the choice of terminal ligands. However, whether or 
not a terminal capping ligand in the form of chloride is needed for Pt-Pt bond formation, 
and whether the [Pt2]6+ core of the dioximato dimers turns out to be sensitive to the 
identity of the terminal ligands or not, it must be stressed that the formulation of the 
electro-oxidation product of [Pt(CsdoH)2] by Baxter as [Pt(CsdoH)2]22+ can not be 
entirely discounted by calculation alone. Mixing of higher lying Pt 6p orbitals has been 
shown to stabilise dimers of square planar d8 complexes mentioned previously, and the 
stabilising influence of weak interactions between the ligand orbitals cannot be ignored 
either. Nevertheless, it seems reasonable to assume that under these circumstances, the 
Pt-Pt bond would be considerably weaker than in a true Ptni dimer.
Another important factor to be considered when discussing the stability of Pt111 
dimers is the stability of the +3 oxidation state of platinum relative to the +4 oxidation 
state. As indicated by equation 4.1, the [PtIV(Cg/i2doH)2Cl2] complexes have been 
synthesised chemically from the platinum(II) precursors in the presence of excess 
oxidant. Indeed, the molecular structure of [PtIV(C gdoH )2C l2 ] has been 
crystallographically determined (see §6.2.2). It is also known that over an extended 
period of time the [Ptin(C8/i2doH)2Cl]2 dimers disproportionate in solution to their
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respective Ptn and PtIV complexes. A consideration of those factors which promote the 
formation of PtIV (and Pt11) at the expense o f  Pt111 would therefore appear necessary. 
Apart from the thermodynamics of the disproportionation/fragmentation process (equation 
4.2), we should also recognise that kinetic factors may be protecting the binuclear Pt111 
species.
[Ptin(CndoH)2Cl]2 -dls-ProPQHiqnatiqn^  [Ptii(CndoH)2l + [PtIV(CndoH)2Cl2]
4.3 4.2 4.4
equation (4.2) ( n =8, 12 )
Addendum
In addition to the three unsupported dimeric Pt111 complexes discussed above, 
three more such structurally characterised dimers have recently been reported, bringing 
the total now known (with X-ray crystal structures) to six (see also Chapter 6 , Table 
6.7). The first two of these new structures,41 and latest to be published, are analogous to 
the seminal Ptm  structure published by Cini et al. (b is[b is(l-im ino-l-hydroxy-2 ,2- 
dim ethylpropane) trichloroplatinum (III) .5 Like Cini's Pt111 dimer, cis- and trans- 
bis[bis(l-imino-l-methoxyethane)trichloroplatinum(IH)] are neutral dimers composed of 
two square-planar PtCl2L2 units perpendicularly connected by a Pt-Pt bond, and capped 
by axially coordinated chloride ligands.
They were discovered as intermediates in the oxidation of the Pt11 species, cis- and 
trans- [PtCl2{(F)-HN=C(OMe)Me}2] to the corresponding PtIV species upon addition of 
excess CI2 to a CCI4 solution of the Pt11 compounds. Once again a transient red colour 
was observed during the course of the reaction. However, the Pt111 intermediates readily 
disproportionate to Pt11 and P t^  at room temperature. Isolation and crystallisation of the 
dimeric species was therefore carried out at low temperatures (0 to -20°C).
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ORTEPs of cis- and trans- [PtCl3{(£)“HN=C(OMe)Me}2]2 (c/5-4.5 and trans- 
4.5, respectively) are shown in Figure 4.9. The axial Pt-Cl bond lengths (2.474(7) and 
2.465(7) Ä) for cis-4.5 and trans-4.5 are similar to the value of 2.458(3) Ä found in 
[Ptni2 Cl6 {HN=C(OH)C(CH3)}4 ], but longer than those of our own [Pt(C8/i2 <ioH)2 Cl]2  
dimers. This indicates the presence of unfavourable steric interactions between the axial 
chlorides and the ligand arms (C-Me and C-OH, respectively) protruding toward them.
Figure 4.9 ORTEP views of (a) cis- [PtCls{(E)-HN-C(OMe)Me}2]2 (cis-4.5) and (b) 
trans- [PtCl3{(E)-HN=C(OMe)Me)2]2 (trans-4.S)AX
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The Ptm-Ptm bond lengths (2.765(2) and 2.758(3) Ä for cis-4.5 and trans-4.5, 
respectively) are also greater than the values for [P t^ C l6{HN=C(OH)C(CH3)}4]5 and 
[Pt(C8/i2doH)2Cl]2 (Table 6.7). By comparison to the strictly related amide complex of 
Cini et al. in particular, it would appear that this lengthening is unlikely to have an 
electronic origin, and is most probably caused by steric repulsion. (The rBu groups in 
[Ptin2Cl6{HN=C(OH)C(CH3)}4] are free to rotate about the C-'Bu bond which is 
thought to reduce steric interactions between twin subunits, whereas in cis- and trans- 
[PtCl3{(£)-HN=C(OMe)Me}2]2? the O-Me groups are held in fixed positions because of 
N=-=-=c=-=-=0 electron delocalisation.
Finally, a paper very recently appeared in 
which Sidorov et al. reported to have synthesised 
and structurally characterised a platinum(III) 
complex free of bridging axial ligands.42 It was 
reported that the oxidation of [Ptn(OBQDI-H2], a 
platinum(II) complex containing two chelating o- 
benzoquinonediimine molecules (one imino group 
of each molecule being deprotonated), with 
[Ag(CF3S 0 3)l produces the dimeric face-to-face 
platinum(III) complex [PtIn 2( O B Q DI - 
H4](CF3S0 3)2 in which the platinum atoms retain 
the planar ligand environment of the starting 
complex, with a Pt-Pt intemuclear separation of 3.031(1) Ä. This Pt-Pt bond distance is 
distinctly long compared to the five structurally characterised, unsupported (but halide 
capped) dimers discussed above, particularly as conventional wisdom would predict a 
shorter bond in the absence of axial ligands. In fact, this bond length is closer to that in 
d8-d8 Ptn-P tn (Table 6.7) and Rh^-Rh1 complexes where the dimers are held together 
by the involvement of the vacant (n+l)p orbitals, possibly combined with attractive 
ligand-ligand n interactions.1 The authors dismiss the possibility of two-electron ligand 
oxidation in the OBQDI-H2 complex, but based on the available information, the structure 
in question would appear equally consistent with 7i-wise coupling of two ligand radical 
cations rather than a Ptin-Ptin bond, especially since [Zn(porph)+/’]2 (where porph = 
OEP) shows the viability of purely macrocycle-based dimerisation 40 (no indication of the 
ease of oxidation of the [OBQDI-H4] ligand was given). In this connection, it is relevant 
that the bischelate fragments of [Ptni2(0 BQDI-H4](CF3S0 3)2 are eclipsed in the solid 
state. This suggests that optimisation of 7t-stacking interactions is important, whereas a 
M-M sigma bond should give no barrier to rotation. If the ligands are indeed oxidised 
then such 7t-stacking interactions will be significantly more favourable. However, as a
H
[Pt2III(0BQDI-H)4](CF3S03)2
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counter-argument, the role of counter-ion bridging (and other crystal forces) may be 
influencing both the tilting and eclipsing of the porphyrin planes.
Presently, therefore, it is difficult to comment much more on this structure except 
to say that it is uncertain whether Sidorov's compound exemplifies a rather weak Pt-Pt 
bond (weaker by comparison with [Pt(CndoH)2Cl]2), or a rather strong 7t-cation/7t-cation 
interaction (closer than in [Zn(OEP)(OH2)]2(C104)2 where the interplanar separation is 
3.31 A and where perhaps more steric hindrance could be expected from the octaethyl 
groups).43 In summary, the eclipsing already noted, and the distinct departure from 
perpendicularity (the Pt-Pt vector visible in Figure 4.10 is tilted by 15°) both suggest that 
efficient 7t-wise alignment of the macrocycle outweighs optimal positions of the platinum 
atoms for a single Ptni-PtHI sigma bond.
H(5)
Figure 4.10 Molecular structure o f the [Pt^u(OBQDI-H)4](CF3803)2 complex,42
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4.3 THE CHEMICAL OXIDATION OF [Niu (CndoH)2]  AND
[PdU(CndoH)2]
4.3.1 Chemical Oxidation of [Pd(CndoH )2]  •  Generation o f PdIV
In contrast to the controlled chemical oxidation of [Pt(CndoH)2], reaction of 
[Pdn (CndoH)2] with /7-CIC6H4ICI2 produced only mixtures of [Pdn (CndoH)2] and 
[PdIV(CndoH)2Cl2] at room temperature. No evidence of a Pdm dimer was observed, 
even at low temperatures. The reaction is readily driven through to the PdIV state in 
quantitative yields by addition of excess oxidant. The experimental procedure is detailed 
in Appendix 4.1 while the electrochem ical oxidation of [Pd(CndoH )2] (and 
[Ni(CndoH)2]) has already been discussed in Chapter 3.
4.3.2 Chemical Oxidation of [Ni(CndoH )2]
The reaction of [Ni(CndoH)2] with CI2 is rather more complicated than the 
corresponding palladium or platinum systems. Addition of a half molar equivalent of p- 
CIC6H4ICI2 to an orange CHCI3 solution of [Ni(CndoH)2] resulted in a brown solution 
from which, after several minutes, a brown solid began to precipitate. When the reaction 
was followed by NMR spectroscopy, an extremely broad and noisy NMR spectrum 
was initially observed, indicating perhaps the generation of paramagnetic species. 
Gradually however, the spectrum began to sharpen in appearance to reflect a diamagnetic 
product(s). Signals could then be discerned which could definitely be attributable to a 
dimeric bis-a-dioximato species (i.e., by comparison to the characteristic splitting pattern 
observed for [Pt(CndoH)2Cl]2, in particular the ß-protons). The spectrum remained 
relatively noisy, however. As yet it is unsure whether this is due to the insolubility of the 
final product, or whether the NMR spectrum of the diamagnetic product is affected by the 
simultaneous presence of additional paramagnetic species. Initial generation of a 
paramagnetic Ni111 species would, however, be in keeping with the results of Bond et al. 
whereby the EPR-active Ni111 species was shown to have a half-life of approximately two 
seconds, measured from the rate of decay of the EPR spectrum. Dimerisation could 
possibly ensue, in agreement with Baxter’s contention that the electro-oxidation product 
of [Ni(CndoH)2] is the dimeric compound [Nini(CndoH)2]22+- Of direct relevance to the 
plausibility of this observation/proposal is the crystallographic characterisation of the 
oxidised cofacial dimer [Ni(CioHi4Ng)]2-44 Goedken et al. discovered that oxidative 
dehydrogenation of the bis-a-diimine macrocyclic complex [Ni(CioH2oNg)]2+ under 
basic conditions resulted in a four-electron oxidation of the ligand and deprotonation of 
each six-membered chelate ring to yield the extremely insoluble dimeric [Ni(CioHi4Ns)]2 
complex with a nickel-nickel bond length of 2.788(2) A. The eclipsed arrangement of the
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macrocyclic ligands appears to maximise repulsive nonbonding interactions; thus 
attractive electronic interaction between the two macrocyclic moieties were invoked to 
supplement (or supplant) the potential Ni-Ni G bond.
4.3.3 Discussion
Upon discovery of the Ptm dimeric bis(dioximato) complexes, some hopes were 
held for the synthesis of an analogous Pd111 dimer. Unfortunately, oxidation of 
[Pd(CndoH)2] produced only mixtures of Pd11 and Pdiv. However, palladium(IV) is in 
itself a relatively rare oxidation state as PdIV compounds tend to be less stable than the 
corresponding platinum complexes, and are readily reduced to Pd11.45'50 The paucity of 
isolated complexes in this oxidation state in comparison with PtIV has naturally been 
ascribed to the much higher ionisation potential required to produce Pd4+ (109.5 versus 
97.16 eV for PtIV).51 The newly synthesised [PdIV(CndoH)2Cl2] complexes are 
therefore worthy of mention, especially given their stability both in solution and in the 
solid state.
As is the case for Pd^, Ni111 and N i^  complexes are generally highly reactive and 
readily reduced to more stable nickel(II) complexes.52,53 Stabilisation of these high 
oxidation states appears to require one or more negative charges on the ligand in order to 
allow for some charge delocalisation from the ligand to the metal. However, if the charge 
transfer associated with bond formation is too large, ligand oxidation can take over (see 
§3.3.1)
The majority of well-characterised NiIn and NiIV complexes contain F, O, and N 
as donor atoms, and in particular the following ligands are implicated: open-chain and 
macrocyclic nitrogen donor systems, deprotonated amides, oximes, oxides and fluorides. 
Thus, in 1970 Simek reported that a solution of [Ni(dmgH)2] in the presence of KOH 
could be easily oxidised by hypoiodite, hypobromite and peroxodisulfate to a solution 
containing a NiIV complex,54 and the complex K2[NiIV(dmg)3] has been prepared in 
aqueous alkaline medium from Ni11 and dmg2' in the presence of two-electron oxidants 
such as CI2 , OX' (X = Cl, Br, I) and S2C>82‘.55 The confirmed existence of 
K2[NiIV(dmg)3] (as opposed to, for example, K2[Nin(dmgH)2(dmg)]) suggests that 
[NiIV(CndoH)2Cl2] would also be thermodynamically accessible, although the 
deprotonation of the oxime facilitates stabilisation of NiIV and may be coupled to the 
oxidation process.
Electrochemical techniques have also been widely used to investigate nickel(III) 
complexes, for example by Busch and co-workers in an extensive study of the
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electrochemical behaviour of tetraazamacrocyclic nickel systems,56 and by Cocolios and 
Kadish to investigate the redox behaviour of nickel(III) porphyrins. Thus, although it 
is unclear exactly what occurs upon chemical oxidation of [Ni(CndoH)2] at this stage, it 
does appear from short time-scale EPR results that the organosoluble Cs and C12 
dioximes can be included among the list of N-donor ligands capable of stabilising the 
higher oxidation states of nickel (in this case transient Niin), especially if they are doubly 
deprotonated in the process.
These observations, coupled with the stabilisation of both the C u1+ and Cu3+ 
bis(a-dioximato) complexes discussed in §3 .2 , highlight the versatility of the CgdoH2 
and Ci2doH2 ligands in the stabilisation of unusual oxidation states. Not only have less 
common oxidation states such as Ptm and PdIV been observed electrochemically and 
spectroscopically, but in many instances the compounds have been isolated as stable 
solids and fully characterised by a variety of techniques including X-ray crystallography.
The isolation and structural determ ination of the dimeric complexes 
[P t(C 8doH )2C l]2, [Pt(C12doH )2Cl] 2 (and [Ptm2a 6{HN=C(OH)C(CH3)}4])5 are 
significant in developing an understanding of the nature of M-M bonds. In these 
unsupported dimers, the Pt-Pt bond length is dependent only on the relative strengths of 
the metal-metal bond and on the non-bonded repulsions between the ligands. In the 
absence of bridging ligands which might restrict the range of accessible geometries (as is 
the case for all other known Ptin dimeric structures), the intrinsic properties of the Pt-Pt 
metal bond may be investigated and the reaction chemistry of an unsupported Ptm -Ptm 
bond explored (see also below).
Importantly, the [Pt2]6+ core present in the dioximato dimers is isoelectronic with 
the [Rh2]4+ core of dimers such as [Rhn (dmgH)2(PPh3)]2 and [Rh(dmgH)2(py)]2, as 
already mentioned.18,58 This therefore immediately raises the possibility of the synthesis 
of [Rhn (C ndoH)2X]2 analogues to the Ptm C n dimers. This would allow direct 
computational comparisons to be made between the electronic structures of the second 
and third row transition metal M-M dimers.
Speaking more generally, the stabilisation of the Ptni dimers by the CsdoH2 and 
Ci2doH2 ligands suggests that discrete Pt-Pt bonded intermediates might play an 
important role in other apparently simple Ptn/Cl2 oxidative addition reactions, particularly 
where transient red colours have been noted .59,60 This consideration underlies the 
studies described in the next section.
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4.4 CHEMICAL OXIDATION OF [Pt(acac)2]: DIPLATINUM(III) 
TETRAKIS (ß-DIKE T ON A TO) COMPLEXES EXEMPLIFYING THE
UNSUPPORTED Pt-Pt BOND
4.4.1 Results and Characterisation of the ß-Diketonato Products
The discoveries described above led other workers in this laboratory to consider 
whether the formation of dimeric-Pt111 species might be a relatively common, but 
overlooked, feature of platinum chemistry. In search of compounds that might exhibit 
this previously unsuspected chemistry, Prenzler turned to the common ß-diketonates.61 
In certain cases, coupling of tervalent ClPt(acac)2 moieties to form diamagnetic, directly 
bonded [Pt(acac)2Cl]2, III, was found to occur in the course of oxidative addition of CI2 
to [Pt(acac)]2, II, where acac = R(CO)CH(CO)R' ,  I, and R /R ' = Me/Me, Me/CF3 or 
Ph/Ph (see Figure 4 .11). The formation of the elusive intermediate dimers was suggested 
by the obsen/ation of transient orange/red colours, and eventually established by varied
f\7physical evidence. Further oxidation yielded trans-[PtCl2(acac)2] IV, as expected.
For R/R’ = Me/Me
phen/phen
Me/CF3
O ' disproportionation
Figure 4.11 Equations for the oxidation (1) and disproportionation (2) 
o f the Pt ß-diketonato compounds.
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In comparison to the bis(a-dioximato) Pt111 dimers, the formation of complexes 
such as III was much more sensitive to temperature; at 290 K solutions of III were found 
to readily disproportionate to II and IV. These processes (equations 1 and 2, Figure 
4.11) are readily followed by *H or 195Pt-{1H} NMR spectroscopy. Dimeric III was 
observed to form more rapidly than IV and was initially dominant in the reaction mixture. 
Once isolated as an orange-red powder, III was more stable than in solution, but was 
generally accompanied by II and/or IV. Although single crystals of III (Me/Me) have 
been grown, thus far their thermal instability has prevented X-ray structural determination 
of the precise molecular geometry. Consequently, deducing the constitution of the 
[Pt2C l2 (acac)4 ] dimers necessitated the use of various other techniques. These 
experiments by Prenzler et al. are described in detail because of the present author’s direct 
participation in the 195Pt-{ XH} NMR measurements, and because they form a model for 
studies of CI2 oxidation of tmtaa2" complexes to be discussed later in this Thesis. The 
nature of the oxidised [Pt(acac)2] compounds was established by the following:
(a) analysis (C, H, Cl) of the orange-red solids gave values consistent with III (except 
when they were known to be contaminated with excess of relatively insoluble IV). 
However, this analytical data was inconclusive given the ease of disproportionation to 
equimolar II and IV.
(b) direct observation of the molecular ion [Pt2Cl2(acac)4]M + (where M = H+, Na+), and 
abundant derived ions [Pt2Cl(acac)4]+ and [(MeCN)Pt2Cl(acac)4]+, by electrospray mass 
spectrometry of chilled CHCl3-MeCN solutions. Innocent mixtures of II and IV did not 
form a molecular aggregate comparable in abundance with III in the ESMS experiment.^
(c) highly characteristic 195Pt-{ !H} spectra (Figure 4.12(a)) and simple *H NMR spectra 
were recorded, with Pt, R/R', and C-H signals for III lying between those of II and IV 
(Table 4.2). No ligand chlorination or Pt-C G-bonding was observed to occur and it was 
later shown that for divalent [Pt(Cl-acac)2], where Cl-acac = Me(CO).CCl.(CO)Me, the 
195Pt shift is -308 ppm, well differentiated from III and IV .63 In addition, the 
asymmetrically substituted [Ptn (CF3,Me-acac)2] complex was highly instructive, where 
the mixed form of II (i.e., containing both cis and trans isomers) led to three NMR- 
distinguishable forms of m ¥ (cis/cis, trans/trans, cis/trans) yielding in turn only two
1 Solutions of III (50:50 CHCl3-MeCN; 1% HCO2H) gave peaks for these dinuclear species at 40% of 
the [Pt(acac)2l*H+ base peak (B 1 = 35-75 V), while mixtures of II and IV showed oligomer peaks at the 
1% level only. It is unsure whether these represent weaker aggregates or true analogues of III formed 
under ESMS ionisation.
¥ At 298K, separate 195Pt NMR signals were found for the cis/cis*, trans/trans*, cisVtrans and 
cis/trans* (where * = 195Pt, 33% natural abundance). The statistically unfavoured cis*/trans* isotopomer 
[from which, in principle, /(Pt-Pt) could be measured directly] has not been detected so far.
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5pt (ppm)
(fl)
-400 -500
vPt-Pt
v, cm
10'4e, M '1 cm'1
30000 20000 v, cm
Figure 4.12 (a) 64.4 MHz 195Pt-{1H} NMR spectrum of II, III and IV in CD Cl 3 
(243 K); (b) 77 K Raman spectrum of solid III; (c) 243 K UV-VIS spectra of II and 
III in CHCI3.
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forms of IV (cis and trans). In contrast, pure cis or trans II gives the corresponding 
isomer of III, which then yields exclusively cis or trans IV (and II). It is believed a 
lantern structure for III would invite scrambling reactions.
(d) like [Ptin (CgdoH)2Cl]2, a prominent Raman-active band was observed in fresh 
orange-red powders at 77 K, due to the characteristic Pt-Pt symmetric stretching vibration 
(vPt-Pt = 144 cm-1 c f 139 cm-1 for [Ptm (CsdoH)2Cl]2) (See Figure 4.12(b)).
Despite the fact that an X-ray structural determination of these sensitive ß- 
diketonato derivatives has not yet been achieved, the fact that the resonance Raman Pt-Pt 
stretch and 195Pt resonance properties (see Table 4.2) are markedly similar to those of 
[Ptni(C8doH)2Cl]2 and [Ptni(C i2doH)2Cl]2, indicates that the Pt-Pt bond length can be 
expected to be close to 2.7 Ä in these new systems as well. Geometry-optimisations 
using density functional electronic structure (ADF) calculations have been carried out by 
Macgregor et a l and show that mutual rotation of the planar moieties is permitted, where 
the torsion angle, co = 350.64 This is consistent with the structure of the isoelectronic 
[LRhn(acac)2]2 system, where an unsupported Rh-Rh bond is observed with a Rh-Rh 
distance of 2.590(1) Ä and torsion angle 42°.65
The formation of III is associated with the growth of a characteristic absorption 
band near 24 000 cm’1 as shown in Figure 4.12(c). Upon further oxidation to IV, this 
near-UV band collapses again, as the samples lose their red colour, and the various 
indications of III [(h)-(d), above] also collectively disappear.
As for the dioximato complexes, voltammetry of [Ptn (acac)2] in CH2CI2 reveals 
the onset of an irreversible oxidation near +1.2 V versus Ag/AgCl. Again, this is 
consistent with the compound’s capacity for reaction with CI2. Accordingly, III (R /R ' = 
Me/Me) can be generated, like the dioximato dimers, by direct oxidation of II at a 
platinum electrode at +1.5 V in the presence of equimolar CT. This is confirmed by 
detection of the 24 000 cm’1 band in the OTTLE cell at 233 K. Unlike oxidation of the 
[Pt(CndoH)2] compounds, however, electrochemical generation of the Ptm-acac dimers is 
also accompanied by simultaneous formation of the P t^  species. On electroreduction at 
-0.5 V, in rapidly gives way to n, and any IV present then follows suit (giving only II).
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The ß-diketonate Ptm dimers are much more reactive than their bis(a-dioximato) 
analogues. Electron deficient CF3/CF3 and bulky electron-rich rBu/rBu forms of 
[Pt(acac)2] both gave [PtIV(acac)2Cl2], IV, as the only observed oxidation product, while 
the CF3/Me and Ph/Ph forms of [Ptni(acac)2Cl]2, III, were more persistent in solution 
than the Me/Me archetype. Further variation in the R/R' substituents may yet lead to 
more robust analogues; however kinetic barriers to decomposition are clearly crucial 
given that all the diketonate-based Pt111 dimers detected so far eventually undergo 
spontaneous disproportionation. (The same is true of the dioximato analogues).
The net strength of the eight Pt-0 bonds on either side of equation (2), Figure 
4.11 {i.e., 8 x Ptin-0  vs 4 x Ptn-0  + 4 x PtIV-0} should be roughly equal, and so Heath 
et al. have proposed that the thermodynamic stability of the binuclear intermediate in the 
acac systems (and likewise the a-dioximes) entails a trade-off between the increased 
stability of two PtIV-Cl bonds over their Ptni-Cl counterparts.61 This may contribute to 
the failure to observe the bromo-capped dimers in the acac and dioximato systems.
4.5 W 5pt.{lH } NMR STUDIES ON THE Pt a-DlOXIMATO AND ß- 
DIKETONATO COMPLEXES: A SENSITIVE PROBE INTO THE Pt-Pt
BOND
4.5.1 Introduction
In 1982, F. A. Cotton delivered the Nyholm Lecture at University College, 
London, entitled “The Synergic Interplay of Experiment and Theory in Studying Metal- 
Metal Bonds of Various Orders” .66 In this talk he discussed the constructive interplay 
between theory and experiment when “at one point a theoretical result would give the 
experimental program a nudge in the right direction, while at another point an 
experimental result would elicit an appropriate theoretical effort.”
Today, the words ‘theoretical result’ often invoke the idea of a computational 
study along the lines of the electronic structure SCF-Xa-SW calculations discussed in a 
qualitative sense above. However, such calculations are often limited by the structural 
data available to them. Given the difficulty encountered in isolating some of the most 
interesting complexes, other experimental techniques were employed extensively 
throughout the course of this work to provide such insights.
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The 195Pt chemical shifts of the a-dioxim ato and ß-diketonato platinum  
complexes are tabulated in Table 4.2, but as yet they have not been considered in depth. 
In fact, in these studies, we have found that 195P t-{1H} NMR spectroscopy is an 
invaluable technique as a convenient, sensitive, and reliable means of detecting changes in 
oxidation state of the metal. (It has now become clear however, that description of the 
use of 195Pt-{1H} NMR spectroscopy as a ‘sensitive probe’61 must be qualified when 
discussing the higher oxidation states of platinum. This will be elaborated on in due 
course.) From this vantage point we can seek qualitative correlations among 195Pt NMR 
data and examine the experimental variables (steric and electronic) which might potentially 
shift the outcome of Ptn oxidation towards Ptin dimer formation.
4.5.2 Results
4.5.2.1 Reaction of [Pt(CndoH)2] with P-CIC6H4ICI2
Figure 4.13 reveals the *H and 195Pt NMR spectra obtained following oxidation 
of [Ptu (C i2doH)2] with a half molar equivalent of /7-CIC6H4ICI2 at room temperature in 
CDCI3, to produce a mixture of Ptm and PtIV - [Pt(CsdoH)2] behaves analogously (see 
Figure 1.8). Figure 4.14 shows the *H and 195Pt-{1H} NMR spectra of the isolated 
[Pt(Ci2doH)2Cl]2 dimeric product after separation on a chromatography column. The 
I95pt_{ 1h } NMR spectrum is now that of the Pt111 species only, with a 195Pt chemical 
shift of -3401 ppm (referenced to K^PtCU = -1630 ppm, see Table 4.2). This represents 
a difference in chemical shift of 1655 ppm when compared to that of the platinum(II) 
precursor. Eventual disproportionation is known to occur for the Ptn i-dioxime dimers, 
and may be monitored by NMR. This occurs on a relatively slow timescale - 
approximately 7 weeks for 50% disproportionation at -298 K in CDCI3 (i.e., loss of half 
the Ptm to form an equimolar mixture of (Ptm )2, Pt11 and P t^ ).
4.5.2.2 Reaction of [Pt(RR'acac)2] with P-CIC6H4ICI2, (R, R' =  Me)
The controlled reaction of the [Pt(acac)2 ] complexes (where acac = 
R(CO)CH(CO)R' with varying RR' substituents) with the chlorinating reagent was 
generally carried out at low temperature in an NMR tube and monitored conveniently in 
this way.61 The reaction of the archetypal [Pt(C>2C3MeHMe)2] (4.6) with p-CIC6H4ICI2 
at -30°C produced two new sets of CH3 and CH resonances in the NMR spectrum, 
relative to the spectrum of the Ptn starting material, while the corresponding 195Pt-{ if!} 
NMR spectrum also showed two new peaks at -1296 and 1958 ppm. From comparison 
with the 195Pt-{ 1H } spectrum of a known sample of [PtIV(Me2-acac)Cl2] the resonance
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Figure 4.13 (a) ] H  NMR and (b) 195Pt-{JH} NMR spectra o f [Ptn i(C12doH)2Cl]2  
and [P t^ (C j2doH)2Cl2]  p rio r to chromatographic separation, in CDCI3.
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Figure 4.14 (a) NMR and (b) 195Pt-{1H} NMR spectra o f [PtIII(Cj2doH)2Cl]2, 
after chromatographic separation, in CDCI3.
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at 8pt = 1958 ppm could be identified as being due to the PtIV species in the mixture (a 
similar identification was made for the PtIV proton signals in the *H NMR). The 
remaining peaks in the *H and 195Pt-{1H} NMR spectra, representing the unknown 
product, were assigned by Prenzler to the platinum(III) dimer. The 195Pt peaks due to 
the platinum(II) and (IV) species, as well as the one at 1296 ppm, had nearly identical 
linewidths with Av i/2 = 0.8 Hz, and when the solution was warmed to room temperature, 
the peaks due to the putative Pt111 dimer disappeared. Only those for [Pt(acac)2] and 
[PtCl2(acac)2], with no unknown secondary products, were detected and this was taken 
as strong evidence that disproportionation had occurred.
Persuasive evidence that the intermediate is indeed a platinum(III) dimer came 
from a detailed examination of changes in 195Pt chemical shifts upon oxidation. In 
particular, the difference in chemical shift between the intermediate and the platinum(II) 
precursor (4.6) is 1736 ppm (see Table 4 .2). This compares well with an average value 
of 1666 ppm for the difference in chemical shift between the Ptin-dioxirne dimers and the 
Ptn precursors. For the other Pt-ß-diketonates which form the presumed dimer, similar 
values are found. The large change in platinum chemical shift effectively rules out a 
ligand-based chlorination process, which would leave the Pt oxidation state unchanged. 
In fact, Prenzler was confident that [Pt(C>2C3MeHMe)(02C3MeClMe)] would have a 
195Pt resonance which falls within the range of values listed for Pt11 compounds in Table 
4.2 since -Cl is less e lec tro n -w ith d raw in g  than  -C F3. M o r e o v e r ,  
[Pt(02C3MeHMe)(02C3MeClMe)] would not disproportionate to give the Pt11 and PtIV 
species observed in this system.
4.5.2.3 Reaction of other [Pt(RR 'acac)2] with P-CIC6H4ICI2 :
R,R’ = *Bu (4.7) The reaction of [Pt (02C3rB u H rBu)2]  (2) with p-  
CIC6H4ICI2 was carried out on the bench just above the freezing point of CDCI3 (-65 
°C), in order to try to detect transient platinum(III) species. After addition of the oxidant, 
there was a brief deepening of colour of the yellow solution, which then lightened. When 
the reaction was repeated at -65 °C in the NMR spectrometer no new peaks attributable to 
a platinum(EII) dimer were detected in the *H and 195Pt-{ NMR spectra. Only peaks 
due to 4.7 and [PtIVCl2(02C3rBuHfBu)2] were observed immediately after the reaction 
commenced. If the deepening of colour observed (at the bench) was due to a 
platinum(III) dimer then its existence in solution was too brief to be observed by NMR 
spectroscopy.
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R , R ' = phen (4.8) When 0.5 equivalent of P-CIC6H 4ICI2 was added to a 
solution of [Pt(02C3phenHphen)2] (4.8) at -30 °C, there was an immediate colour 
change from orange to deep red/orange. The 195Pt-{ *H} NMR spectrum of this solution 
indicated that the platinum(III) dimer, {Ptm C l(02C 3phenH phen)2}, had formed 
immediately (5Pt = 1252 ppm). Initially there were no peaks in the *H and 195Pt-{ *11} 
NMR spectra attributable to [PtIVCl2(02C3phenHphen)2]. Furthermore, if an excess of 
/7-CIC6H4ICI2 was used, then the initial *H NMR spectra showed peaks due to unreacted 
p - C I C ö H 4 I C I 2 and no P tIV form ation. Subsequently , peaks due to 
[PtIVCl2(02C3phenHphen)2] did grow slowly in the *H and 195Pt-{!H} NMR spectra. 
These results indicated that [Ptm (02C3phenHphen)2Cl]2 is resistant to further oxidation 
by P-CIC6H4ICI2, unlike [Ptn i(02C3MeHMe)2Cl]2 where PtIV was always readily 
formed, even with a deficiency of oxidant present. [Ptm (0 2 C3phenHphen)2Cl]2 was 
also more stable at room temperature, with peaks due to the platinum(III) dimer detectable 
by *H spectroscopy for several hours after the probe was warmed to 298 K.
R = CH3 , R' = CF3 (4.9) Most reactions were carried out with an 
unseparated mixture of cis and trans isomers of [Pt(C>2C3M eHCF3)2] (4.9), although 
further experiments were performed with pure isomers (both cis and trans) to check for 
isomerisation during oxidation reactions (see above). When (4.9) was allowed to react 
with 0.5 equivalents of P-CIC6H4ICI2 at -30 °C in the NMR probe, peaks in the *H 
NMR spectra due to both cis and trans species (i.e., cis/cis, trans/trans and cis/trans) 
slowly decreased with time. New peaks grew in the NMR spectra which were attributed 
to [Ptin C l ( 0 2C 3 M e H C F 3)]2 (8Pt = 1360, 1352, 1349, and 1342 ppm) and 
[PtIVC l2(0 2 C 3MeHCF3)2] (5Pt = 1924 and 1926 ppm) (see also Table 4.2). This 
behaviour is somewhat analogous to that of the bis-phenyl derivative (4.8), above, in 
that both Ptm and PtIV species are formed together. However, Prenzler noted a marked 
difference in the rate of reaction: 4.8 reacted almost instantaneously, whereas 4.9, with 
one CF3-substitutent on each ligand, took approximately one hour to react completely 
with oxidant at -30 °C. On this time scale, the tendency for PtIV to begin forming before 
all Ptn is consumed is not surprising.
When pure cis (4.9a) or trans (4.9b) isomer was reacted similarly, only one 
peak was observed in the region for platinum(III) in the 195Pt-{ !H} NMR spectrum as 
expected for a cis-cis (or trans-trans) dimer. Furthermore, in the Pt11 and PtIV regions 
only one peak was observed (i.e., one peak in each) after all Pt111 dimer had 
disproportionated. This result established that the platinum(III) dimer is unbridged rather 
than based on a lantern structure. Otherwise ligand scrambling during disproportionation 
would result in equal amounts of each of the mutual arrangements of the ligands, i.e., 
both cis or trans monomers would be regained from the all-ds (or all-trans) starting
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compound.
R,R ' = CF3 (4.10) When [P t(02C 3C F3HCF3)2] (4.10) reacted with p- 
CIC6H4ICI2 at - 30 °C, no colour change characteristic of Ptm dimer formation was 
observed. When followed by NMR spectroscopy, a very slow reaction giving only 
[PtIVCl2(02C3CF3HCF3)2] was observed to occur. With two CF3 groups per ligand, it 
seems the platinum centre is now more resistant to Pt111 oxidation than in 4.9, above, in 
terms of reaction kinetics. It is interesting that the (CF3)2 ligand has merely slowed the 
oxidation rather than making the P t^ C ^  complex inaccessible.
4.5.3 Discussion : Relationship of Electron Density to Pt111 Formation
In the ß-diketonato work reported above, and related studies, we sought to 
undertake a systematic study of the factors (steric and electronic) which shift the outcome 
of the reactions in Figure 4.11 towards Pt111 dimer formation.61 The focus of attention 
was on the family of compounds, [Pt(02C3RHR’)2] as a large number of these have been 
reported in the literature,68,69 and variations in the substituents are known to alter the 
electronic environment about platinum, as measured by 195Pt-{ NMR69 and optical70 
spectroscopy. There has also been recent interest in Pt-bis-ß-diketonate complexes as 
hydrosilation catalysts, and differences in catalytic activity have been noted for 
substituents with different steric and electronic properties.
There have been only two previous studies of the effect on 195Pt chemical shifts 
of changing substituents on ligands.73,74 Dean and Green examined a series of 12 
compounds with formula frarcs-[Pt(PEt3)HL] (where L = substituted benzoato ligands) 
and found a variation of six ppm between the most and least shielded.74 Koie et al. 
investigated Pt(0) complexes of substituted acetylenes - [Pt(PPh3)2(RC=CR')]. In this 
case the variation in 5pt was 260 ppm between the most shielded, R = R' = phen, and 
least shielded, R = R' = CN.73
In the series of acac compounds with varying substituents R ,R ' reported here, a 
much greater difference in 195Pt chemical shifts of 494 ppm between the most shielded 
(R = R' = fßu, 4.7) - and the least shielded (R = R' = CF3, 4.10) was observed (Table 
4.2). To put this in context, an average change for Ck substituting for B r , i.e., ligand 
exchange, in [PtX3(AsMe3)] (X = Cl-, B r)  is only 242 ppm,75 less than half the value 
obtained in the acac series. Thus, it would appear that the platinum nucleus is very 
sensitive to the inductive effects of the substituents on the ß-diketonate ligands in the 
planar divalent system. Furthermore, Prenzler and Heath have shown that this
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Trends in 195pt and ^HC-H Chemical Shifts for the 
Platinum ß-diketonates
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Figure 4.15 Plot of selected NMR data versus Z Taft for the platinum ß-diketonate 
complexes in oxidation states +11 to +IV. (Refer Table 4.2).
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when more electron-withdrawing substituents are incorporated in [Pt(02C3RHR')2], the 
bands in the UV-vis spectra are seen to shift to lower energies.68,70 This would indicate 
that substitution is also having an effect on the AE values. Other authors have suggested 
that the UV/Vis spectrum is dominated by nhC  transitions70 but we are fairly confident 
that the leading bands are due to MLCT. Our assignments are based on a close 
conceptual and visual analogy with a whole family of mzrcs-[RuII(acac)2L2]' complexes. 
Ligand based 7t-7i* transitions would not be expected to influence shielding at the 
platinum nucleus unless there were significant mixing in the appropriate d  orbitals. 
Clearly, low-energy MLCT excitation does suggest a vehicle for paramagnetic shielding, 
as described above.
In the absence of adequate calculations to better address the issues of electronic 
transition energies and metal/ligand orbital mixing, it is perhaps appropriate to consider 
the above results in a more qualitative sense. The trends in platinum chemical shifts at the 
platinum(II) level would appear to reflect the differing amounts of electron density on the 
metal in each case, i.e., the more electron withdrawing the substituent, the less electron 
density on platinum and the less shielded the nucleus, as noted above.
However, we also have to come to terms with the observation that this trend is 
absent for PtnI, or even slightly reversed in PtIV (see Figure 4.15). This is dealt with 
below. The results of the reactions of various [Pt(02C3RHR')2] with /7-CIC6H4ICI2 
show that there is a real but complex link between the relative amount of electron density 
on the platinum(II) precursor and the stability of the resulting platinum(III) dimer. The 
most stable dinuclear compound is [PtIn(02C3phenHphen)2Cl]2. According to 195Pt 
NMR data, the platinum(II) precursor, (4.8), lies at an intermediate point in the series of 
complexes under investigation. At either extreme of electron density, i.e., 4.7 (R = R' = 
rBu) and 4.10 (R = R' = CF3), the corresponding platinum(III) dimers could not be 
detected in solution by NMR spectroscopy.
This apparent need for intermediate electron density may tentatively be rationalised 
in the following way: increasing the electron density on platinum(II) should favour a 
more electron-rich metal-metal bond in the Mm -Mni state. However, it will also favour 
ready oxidation to [PtIVCl2(02C3RHR')2]. This is indeed observed for 4.7, where the 
rate of reaction with oxidant is fast relative to the other complexes and III has not been 
detected. Conversely, decreasing the electron density on the metal will tend to make 
oxidation more difficult (as observed for the oxidation of [Pt(02C3CF3HCF3)2], 4.10). 
This may be expected to stabilise Pt111 relative to Ptiv . However, electron withdrawal 
seems likely to reduce the Ptni/Ptm a  overlap in the Ptm-Ptm bond . (There will also be a 
tendency for an electron-deficient metal centre to increase coordination number by binding
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more halide). Thus, there was no sign of any platinum(III) dimer formation when 4.10 
was oxidised. In the oxidation of [Pt(0 2 C3M eHM e)2] (4.6), [Pt(0 2 C 3phenHphen)2] 
(4.8) and [Pt(C>2C3MeHCF3)2] (4.9), it seems on the other hand, that a balance is struck 
between two opposing forces with the consequence that platinum(III) dimers are 
observed. Thus, work by Prenzler et al. suggests that inductive effects are important on 
the acac ligand in the electronic structure of [Pt(C>2C3RHR')2] and this is borne out by the 
plots of 8 195Ptn and b ^ c - H  versus XTaft (Figure 4.15), i.e., there is an orderly 
increase in chemical shift values at the Pt11, four-coordinate level from R/R' = Me/Me to 
R/R' = CF3/CF3.61
By contrast, it can be seen that while the trend in S ^ c -H  resonances for PtIV 
‘tracks’ that of ö ^ c -H  (Ptn ), the plot of o 195PtIV is strikingly invariant relative to the 
same plot for the Pt11 complexes (falling by only -100 ppm). Similarly, of the Pt111 
dimers detected for the acac family of compounds, very little variation in 8 195PtIH is 
observed. Thus, whereas the upper graph of Figure 4.15 is proof that alteration of the 
R,R' groups on the acac ligand still has an effect on the electronic structure of the 
[PtIVC l2(acac)2] (and [Ptm Cl(acac)2]2) complexes, as measured by *H NMR 
spectroscopy, it would appear, by contrast, that this effect cannot be effectively probed at 
the Ptm and PtIV levels by 195Pt NMR spectroscopy. We believe that the origin of this 
contrasting behaviour of Pt11 versus PtnI and PtIV lies in the relationship of Op to the AE 
values (or excitation energies), as described above by equation (4.4). In the PtIV (six- 
coordinate) acac systems, the ligand-field stabilisation energies will be much larger than 
for their Pt11 analogues. This will effectively quench the mixing in of the excited-state 
spectroscopic configurations required for 195Pt NMR sensitivity. Hence the ‘levelling 
out’ of the plot of 8 195PtIV vs. XTaft contrasts with the remarkable R,R' sensitivity of 
the 195Ptn NMR data. Following the same line of argument, it appears that Pt111 may 
simply be considered pseudo six-coordinate with the consequence that it behaves in a 
fashion directly analogous to PtIV, i.e., insensitive to R,R'.
It is in this context that use of 195Pt NMR spectroscopy as a ‘sensitive probe’ of 
the oxidation state of the central metal must be approached with caution, as was alluded to 
in the introduction to this section. ‘Characteristic probe’ would be a more apt term. It is 
indeed true that quite characteristic differences in 195Pt chemical shift values of the order 
of 1500 ppm are observed between the Pt11 and Ptin (where relevant) oxidation states of 
these diketonato compounds, while A8ptII/IV is in the order of 2000 ppm (that is, there 
are quite substantial changes in the NMR spectral windows in which the various 
oxidation states are detected). However, comparisons between compounds of the same 
oxidation state but varying R/R' at the Pt111 (where appropriate) and PtIV levels reveal 
differences in chemical shift values that are not nearly so marked, and thus do not reveal
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the detailed electronic changes occurring at the platinum centre(s).
Finally, an initial correlation between the difference in 195Pt chemical shift 
between Ptn and PtIV compounds related by oxidative addition of CI2 was noted (i.e., 
PtnL4 vs trans-Ft™C\2U )  and the possibility that a relatively large change in electronic 
environment between the +2 and +4 oxidation states of platinum was required to be able 
to encompass a stable +3 state was briefly entertained. For example, in the two classes of 
compounds discovered which yield stable (or relatively stable) platinum(III) dimers - 
dioximes and diketonates - the differences A5ptII/IV are 2600 and 2300 ppm, respectively 
(see Table 4.2). In other systems where PtIn dimer formation has been searched for, and 
none found, this difference is considerably smaller: 1630 ppm for PtCl42- and PtClö2' ; 
and 1900 ppm for ds-[PtCl2(EtCN)2] and cis,cis,trans-[PtCl2(EtCN)2Cl2].78 However, 
more rigorous scrutiny of this observation has shown that it cannot be used as the sole 
criterion in the search for Pt111 dimeric complexes. In the case of [Pt(C>2C 3RHR')2] 
(R /R ' -  TJu/HBu), for example, A8ptII/IV is of the order of 2400 ppm (well within the 
range quoted for the complexes for which dimeric Pt111 species are observed to form), and 
yet oxidation of 4.7 produced only the PtIV product. Investigation of another N4- 
macrocyclic system, H2tmtaa, to be discussed in Chapter 8, yielded a value for A8ptII/IV 
of 2294 ppm, and yet once again, no Ptin dimer has been detected. What we can say, is 
that a ASpt11^  value of some 2500 ppm is typical for the Pt11 to {C ^Pt1^ } oxidations we 
have studied. When {(Cl-Ptm )2} are observed, the A5ptII/IV is closer to two-thirds than 
one-half of the II/IV gap (i.e., 1500 ppm).
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Appendix 4.1
Synthesis o f  the Organo-soluble [M (Cs/i2^°H )2]-type Complexes  
where M= Ni, Pd, Pt, Co and Cu.
A4.1.1 Preparation of 1,2-cyclooctanedione D ioxim e and its M etal 
C om plexes
1,2-cyclooctanedione dioxim e, C sd oH 2
The preparation of CgdoH2 required the synthesis of the 
diketone, 1,2-cyclooctanedione as derived from cyclooctanone 
according to the method of Wittig and Krebs. This involved 
oxidation of the parent ketone with SeC>2 . Removal of 
elemental Se from the reaction mixture, although difficult, was 
achieved by fractional distillation (15 mm, 100°C) of the Se- 
contaminated product. This yielded a clear yellow oil as the Se- 
free distillate. Yield 70%.
I.R.: (neat liquid, KBr plates, cm-1) 1695 v(C=0), 2920, 2850 v(C-H).
!H (200MHz, ppm)# : 1.5 (4H, m); 1.65 (4H, m); 2.45 (4H, pseudo t). 13C (200 MHz, 
ppm): 20.8, 26.0, 39.5, 209.0.
Preparation of the dioxime was carried out by dissolving the diketone in the minimum 
volume of ethanol and adding this solution dropwise to a 2.5 molar equivalent of an 
equimolar mixture of NaOH and NH2OH.HCI at 5°C, according to the method of Bassett 
et al. The product formed immediately as a white solid which was recrystallised from 
ethanol. Yield 50%. Overall yield 35% based on cyclooctanone.
Elemental Analysis: Found: C, 56.60; H, 8.35; N, 16.21. C8H 14N2O2 requires C, 
56.47; H, 8.24; N, 16.47%. I.R. (cnr1): 1690 v(C=N), 2850, 2920 v(C-H). *H (200 
MHz, (CD3)2CO), ppm): 1.5 (4H, m); 1.65 (4H, m); 2.7 (4H, pseudo t). 13C (200 
MHz, (CD3)2CO), ppm): 23.6, 26.3, 27.9, 156.5.
b is(l,2 -cyc looctan ed ion e  d ioxim ato)N i2+, [N i(C sdoH )2 ]
An aqueous solution of [Ni(02CCH3)2.4H20] (0.2 g in 20 ml) was added to a
/  \c c
HO
\
I
/
•c
I!
N
/
\
OH
# All NMR spectra were recorded in CDCI3 unless otherwise stated, as noted in §2.3.2.
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solution containing two mole equivalents of CgdoH2 in methanol. An orange/yellow 
solid was isolated and washed with water and ethanol. The crude material was 
recrystallised from dichloromethane/diethyl ether resulting in fine orange needles. Yield 
85%. Elemental Analysis: Found: C, 48.35; H, 6.6; N, 14.05. Ci6H26N404Ni requires 
C, 48.40; H, 6.55; N, 14.12%. +ve FAB mass spectrum: calcd. (found), m/z 398.1
(397.1) . *H (300 MHz, ppm): 1.49 (8H, m); 1.64 (8H, m); 2.65 (8H, pseudo-triplet). 
13C (300 MHz, ppm): 24.1, 26.1, 26.6, 156.2. Electronic spectrum (CH2CI2): 
Vmax/cnr1 (e/cm-iM-1) 23 600 (sh), 26 300 (sh), 29960 (sh), 30 300 (5200), 38 150 (24 
700).
[Pd(C8doH)2]. An aqueous solution of [K2(PdCl4)] (0.1 g in 15 ml) was added to an 
ethanolic solution of CgdoH2 (0.104 g). The product precipitated as a yellow solid which 
was isolated and washed with water. The crude material was recrystallised from 
dichloromethane/diethyl ether. Yield 95%. Elemental Analysis: Found: C, 43.05; H, 
5.88; N, 12.50. C i6H26N4 0 4Pd requires C, 43.20; H, 5.85; N, 12.60%. +ve FAB 
mass spectrum: calcd. (found), m/z 444.8 (444.1). *H (300 MHz, ppm): 1.48 (8H, m); 
1.63 (8H, m); 2.75 (8H, pseudo t). 13C (300 MHz, ppm): 24.2, 26.1, 27.0, 156.8. 
Electronic spectrum (CH2CI2): vmax/cm_1 (e/cm^M-1) 26 300 (sh), 35 800 (14 100).
[Pd(CgdoH)2Cl2]. To a solution of [Pd(CgdoH)2] (0.05 g, 0.11 mmol) in 15 ml 
dichloromethane, an excess of P-CIC6H4ICI2 was added while stirring (0.17 g, 0.55 
mmol). The yellow suspension began to take on a yellow/orange colour after ca. 2 min. 
A ^  NMR spectrum of the final, amber-coloured reaction solution revealed that all the 
Pd11 starting material had been consumed. The solvent was removed in vacuo. Excess 
and exhausted chlorinating reagent (/7-CIC6H4I) were removed by extraction with diethyl 
ether. This left behind an orange/brown solid which was recrystallised from 
CH2C12/Et20, in turn yielding a gold/brown microcrystalline solid. Yield 80%. 
Elemental Analysis: Found: C, 37.36; H, 4.70; N, 10.16. Ciö^öC^NqOqPd requires 
C, 37.26; H, 5.08; N, 10.86%. +ve FAB mass spectrum: calcd. (found), m/z 515.7
(444.1) . JH (300 MHz, ppm): 1.57 (8H, m); 1.78 (8H, m); 2.88 (8H, pseudo t). 13C 
(300 MHz, ppm): 25.69, 26.04, 26.87, 150.74. Electronic spectrum (CH2CI2): 
Vmax/cm-1 (E/cm^M-1) 26 000 (sh), 39 100 (45 580).
[Pt(C8doH)2]. This was prepared in a similar way to the Pd2+ analogue. An aqueous 
solution of [K2(PtCl4)] (0.1 g) was the source of Pt2+. The reaction mixture was heated 
at reflux for 20 min. A mustard coloured solid was isolated and washed with H2O. The 
crude material was recrystallised from dichloromethane/diethyl ether. Yield 75%. 
Elemental Analysis: Found: C, 35.90; H, 4.91; N, 10.45. C iö ^ ö N /^ P t  requires C, 
36.05; H, 4.88; N, 10.50%. -i-ve FAB mass spectrum: calcd. (found), m/z 533.5
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(533.2). *H (300 MHz, ppm): 1.48 (8H, m); 1.63 (8H, m); 2.75 (8H, pseudo t). 13C 
(300 MHz, ppm): 24.2, 26.1, 27.0, 156.8. Electronic spectrum (CH2CI2): v ^ / c m ' 1 
(E/cm-iM-1) 23 100 (sh), 28 200 (sh), 32 600 (11 600), 36 000 (13 200).
[Pt(C8doH)2Cl]2. To a suspension of [Pt(C8doH)2] (0.2 g, 0.38 mmol) in CH2CI2 
(10 ml) a 0.5 equivalent of /7-CIC6H4ICI2 (0.06 g, 0.19 mmol) was added as a solid 
under N2(g). The reaction mixture immediately changed colour from orange/green to 
deep red. A !H NMR spectrum confirmed the absence of any Pt11 *starting material and 
the solvent was removed in vacuo. Excess chlorinating reagent was then extracted with 
diethyl ether and a brown/orange solid isolated. This was duly dissolved in the minimum 
volume of chloroform and applied to an alumina column for chromatographic separation 
of the [Ptm(C8doH)2Cl]2 and [PtIV(C8doH)2Cl2] species (typically present in a 3:1 ratio 
by NMR). Elution with CHCI3 isolated [Pt(C8doH)2Cl]2 (first fraction) as a red- 
orange product. Yield 55%. Elemental Analysis: Found: C, 33.70; H, 4.58; N, 9.80; 
Cl, 6.19. C32H52Cl2N80 8Pt2 requires C, 33.78; H, 4.61; N, 9.85; Cl 6.23 %. *H 
(75.7 MHz, ppm): 1.546 (16H, m); 1.782 (16H, m); 2.414 (8H, t of d); 3.304 (8H, d of 
t). 13C (300 MHz, ppm): 25.05, 25.75, 26.77, 158.80. Raman (solid sample, cm-1): 
139 (Pt-Pt). I.R. (CH2C12, cm-1): 171 (w), 272(sh), 305(w), 345 (w), 374(m). 
Electronic spectrum (CH2CI2): Vmax/cm"1 (e /cm ^ M -1) 31 400 (17 000), 
36 800 (10 000), 43000 (sh).
[Pt(C8doH)2Cl2]. [Pt(C8doH)2Cl2] was synthesised in an analogous fashion to 
[Pd(C8doH)2Cl2]. To a solution of [Pt(C8doH)2] (0.05 g, 0.1 mmol) in 15 ml 
dichloromethane, an excess of /7-CIC6H4ICI2 was added (0.14 g, 0.5 mmol). The 
brown/yellow suspension immediately turned a deep clear amber colour. The solvent 
was removed in vacuo. Excess chlorinating reagent (P-CIC6H4ICI2) was removed by 
extraction with diethyl ether. The orange/brown product was recrystallised from 
CH2C12/Et20  resulting in a fine orange powder. Yield 60%. Elemental Analysis: Found: 
C, 31.82; H, 4.29; N, 9.01. C ^ ö C ^ C U P t  requires C, 31.80; H, 4.34; N, 9.27%. 
+ve FAB mass spectrum: calcd. (found), m/z 605.99 (604.1). !H (300 MHz, ppm): 
1.55 (8H, m); 1.83 (8H, m); 2.94 (8H, pseudo t). 13C (300 MHz, ppm): 25.18, 25.71, 
25.18, 157.01. Electronic spectrum (CH2CI2): Vmax/cnr1 (e/cm^M-1) 29 000 (sh), 
42 340 (23 510).
1 7[Pt(C8doH)2Br2]. This compound was made according to the method of Raptis. 
To a solution of [Pt(C8doH)2] (0.05 g, 0.1 mmol) in 25 ml dichloromethane, bromine
solution was added in excess (0.5 ml). The brown/yellow solution remained turbid and
the reaction mixture was allowed to stir for 2 h. The solvent was removed in vacuo and 5 
ml portions of CH2CI2 added and removed again under vacuum until a clean yellow-
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mustard solid resulted. *H (300 MHz,.ppm): 1.562 (8H, m); 1.782 (8H, m); 2.939 
(8H, pseudo t). Addition of one-half mole equivalent of Br2 resulted in a 7:1 mixture 
[Pt(CgdoH)2] : [Pt(CgdoH)2Br2] by *H NMR, with no sign of a Ptni intermediate.
[Co(C8doH)2]-2 H2 0 . [Co(CgdoH)2].2 H2 0  was prepared15 in an analogous way to 
[Co(dmgH)2].2H20 according to the method of Schrauzer.81 [Co02CCH3)2].4H20 
(0.44 g, 1.75 mmol) was dissolved in degassed H2O (10 ml). To this CgdoH2 (0.601 g, 
3.5 mmol) dissolved in degassed methanol (5 ml) was added. A brown/orange 
precipitate immediately began to form. The reaction mixture was stirred under N2(g) for 
1 hour. The solid was filtered under N2(g) and washed with degassed H2O. The air 
sensitive brown/orange solid was dried ‘m vacuo'. Yield 80%. Elemental Analysis: 
Found: C, 44.30; H, 7.23; N, 12.77. C16C0 H30N4O6 requires C, 44.34; H, 6.93; N, 
12.93%. I.R. (cm -1): 955, 1040 v(N-O); 1540 v(C=N); 2850, 2920 v(C-H); 3300 v(0- 
H) (due to H2O).
A4.1.2 Preparation of 1,2-Cyclododecanedione Dioxime, and its Metal 
Complexes
1,2-cyclooctanedione dioxime, Ci2 doH2
As with the cyclooctanyl analogue, the 
cyclododecanyl-l,2-dione was prepared first. 
SeC>2 oxidation of the parent mono-ketone proved 
unsuccessful due to intractable problems 
encountered with the removal of the persistent 
elemental Se. The successful synthetic route to the 
diketone involved KMnC>4 oxidation of the parent 
olefin, cyclododecane, in acetic anhydride according to the method of Sharpless and 
coworkers. Fractional distillation (1.5 mm, 99-10TC) afforded a low melting yellow 
solid, M.P. 42°C, in 40% yield.
I.R.: (neat, KBr plates, cm'1) 1708 v(C=0), 2825, 2920, v(C-H).
'H (200 MHz, ppm): 1.29 (12H, m); 1.53-1.93 (4H, m); 2.75 (4H, pseudo t). 13C 
(200MHz, ppm): 22.4, 23.4, 25.2, 26.4, 36.4, 202.
The dioximation was carried out as for the cyclooctane analogue except that it was 
necessary to add a larger excess of the equimolar NaOH/NH20H HC1 mixture to carry
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the reaction to completion. Typically five mole equivalents were used. The resulting 
white solid was recrystallised from ethanol/water. Yield 65%. Overall yield 26% based 
on cyclododecene.
Elemental Analysis: Found: C, 63.68; H, 9.98; N, 12.28. C 12H 22N 2O2 requires C, 
63.69; H, 9.8; N, 12.38%. I.R. (c n r1): 1690 v(C=N), 2850, 2920, v(C-H). *H (200 
MHz, (CD3)2CO), ppm): 1.25 (12H, m); 1.52 (4H, m); 2.75 (4H, pseudo t). 13C (200 
MHz, (CD3)2CO), ppm): 22.8, 23.3, 24.5, 24.8, 27.2, 157.
bis(l,2-cyclododecanedione dioximato)Ni2+, [Ni(Ci2doH)2]
The procedure followed was the same as that for [Ni(CsdoH)2]. An aqueous 
solution of [Ni(02CCH3)2.4H20 (0.2 g in 20ml) was added to a solution containing two 
mole equivalents of C i2doH2 in methanol. An orange/yellow solid was isolated and 
washed with water and ethanol. The crude material was recrystallised from 
dichloromethane/diethyl ether resulting in fine orange needles. Yield 60%. Elemental 
Analysis: Found: C, 56.42; H, 8.43; N, 10.94. C24H42N 4Ü4Ni requires C, 56.60; H, 
8.31; N, 11.00%. +ve FAB mass spectrum: calcd. (found), m/z 510.3 (509.3). *H 
(300 MHz, ppm): 1.42 (24H, m); 1.72 (8H, m); 2.47 (8H, pseudo t). 13C (300 MHz, 
ppm): 22.6, 22.7, 24.1, 25.4, 26.2, 156.2. Electronic spectrum (CH2CI2): Vmax/cnr1 
(e/cm-iM-1) 23 200 (sh), 26 100 (sh), 27 700 (sh), 30 200 (5300), 38 200 (24 200).
[Pd(Ci2doH)2]. An aqueous solution of [K2(PdCl4)] (0.1 g in 15 ml) was added to a 
methanolic solution containing two mole equivalents of C i2doH2 (0.14 g). The yellow 
solid that precipitated was isolated and washed with water. The crude material was 
recrystallised from dichloromethane/diethyl ether yielding a yellow microcrystalline solid. 
Yield 65%. Elemental Analysis: Found: C, 51.64; H, 7.50; N, 9.93. C24H42N4Ü4Pd 
requires C, 51.76; H, 7.55; N, 10.06%. +ve FAB mass spectrum: calcd. (found), m/z 
557.0 (556.2). *H (300 MHz, ppm): 1.41 (24H, m); 1.74 (8H, m); 2.54 (8H, pseudo 
t). 13C (300 MHz, ppm): 22.7, 23.2, 24.4, 25.7, 26.8, 156.4. Electronic spectrum 
(CH2C12): Vmax/crn-1 (e/cm-iM-1) 27 000 (sh), 35 650 (14 300).
[P d(C i2doH )2Cl2]. [Pd(Ci2doH)2Cl2] was synthesised using the same experimental 
method as for the synthesis of [Pd(CsdoH)2Cl2]. To a solution of [Pt(Ci2doH)2] (0.05 
g, 0.09 mmol) in 15 ml dichloromethane, an excess of /7-CIC6H4ICI2 was added (0.14 g, 
0.45 mmol). No colour change was initially observed and the reaction mixture remained 
turbid. After stirring for two h, however, the solution had changed to a clear amber 
colour. The solvent was removed in vacuo and the product purified as previously. 
Recrystallisation from diethyl ether yielded a gold coloured, micro-crystalline solid.
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Yield 75%. Elemental Analysis: Found: C, 45.72; H, 6.59; N, 8.60; Cl, 11.23. 
C24H42N404Pd requires C, 45.91; H, 6.74; N, 8.92; Cl, 11.29%. +ve FAB mass 
spectrum: calcd. (found), m/z 627.9 (556.2). (300 MHz, ppm): 1.43 (24H, m); 1.83
(8H, m); 2.70 (8H, pseudo t). 13C (300 MHz, ppm): 22.79, 23.24, 25.36, 25.97, 
26.45, 150.51. Electronic spectrum (CH2CI2): Vmax/cm'1 (e/cm ^M '1) 22 000 (sh), 
25 140 (1930), 39 070 (47 700).
[P t(C i2doH )2 ]. The reaction mixture [K2(PtCl4)] (0.11 g) in H20  (15 ml) and 
C i2doH2 (0.11 g) in methanol (20 ml), was heated at reflux for one hour. A mustard- 
coloured solid was isolated and washed with H20. The crude material was recrystallised 
from dichloromethane/diethyl ether. Yield 55%. Elemental Analysis: Found: C, 43.92;
H, 6.51; N, 8.42. C24H42N404Pt requires C, 44.64; H, 6.56; N, 8.68%. +ve FAB 
mass spectrum: calcd. (found), m/z 645.7 (645.3). *H (300 MHz, ppm): 1.42 (24H, m);
I. 77 (8H, m); 2.59 (8H, pseudo t). 13C (300 MHz, ppm): 22.6, 23.0, 24.3, 25.5, 
26.7, 156.4. Electronic spectrum (CH2CI2): Vmax/cm'1 (e/cm^M-1) 28 250 (sh), 32 450 
(12 300), 36 150(13 700).
[P t(C i2doH )2Cl]2. [Pt(Ci2doH )2 Cl]2  was synthesised utilising the same 
experimental procedure as for [Pt(C8doH)2Cl]2 above. Again, reaction of [Pt(Ci2doH)2] 
with one half molar equivalent of p-CIC6H4ICI2 gave rise to a deep red solution 
containing both [Ptni(Ci2doH)2Cl]2 and [PtIV(Ci2doH)2Cl2]. Separation of the two 
compounds was achieved on an alumina column using chloroform as the eluent. 
[Ptm(Ci2doH)2Cl]2 was recovered in the first fraction. Yield 40%. Elemental Analysis: 
Found: C, 42.28; H, 6.20; N, 8.19. C48H84Cl2N808Pt2 requires C, 42.32; H, 6.22; N, 
8.23%. !H (300 MHz, ppm): 1.65-1.38 (48H, m); 1.923 (16H, m); 2.482 (8H, m); 
2.915 (8H, m); 10.51 (4H, br). 13C (300 MHz, ppm): 1.02, 22.95, 25.39, 25.90, 
26.82, 158.37. Electronic spectrum (CH2CI2): Vmax/cnr1 (e/cm^M-1) 31 530(17 000), 
37 540 (10 000), 43000 (sh).
[Pt(Ci2doH)2Cl2]. [Pt(Ci2doH)2Cl2] was synthesised in an analogous fashion to 
[Pt(C8doH)2Cl2]. To a solution of [Pt(Ci2doH)2] (0.05 g, 0.07 mmol) in 15 ml 
dichloromethane, an excess of /7-CIC6H4ICI2 was added (0.11 g, 0.5 mmol). The 
brown/yellow suspension immediately turned a deep clear amber colour. The solvent 
was removed in vacuo. Excess chlorinating reagent (P-CIC6H4ICI2) was removed as 
before. The orange/brown product was recrystallised from CH2Cl2/Et20 resulting in an 
orange/brown crystalline solid. Yield 50%. Elemental Analysis: Found: C, 40.20; H, 
5.89; N, 7.85. C24H42Cl2N404Pt requires C, 40.23; H, 5.91; N, 7.82%. +ve FAB 
mass spectrum: calcd. (found), m/z 716.6 {111.2). !H (300 MHz, ppm): 1.44 (24H, m); 
1.86 (8H, m); 2.78 (8H, pseudo t). 13C (300 MHz, ppm): 23.16, 23.23, 25.38, 26.49,
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156.64. Electronic spectrum (CH2CI2): Vmax/cm"1 (e/cm^M'1) 30 000 (3670), 37 600 
(11940), 42 500 (27 560).
A4.1.3 [Cu(C8/i2doH)2] and the BF2-Substituted Compounds
[Cu(C8/i2doH)2] and the BF2-substituted Ni, Pd, Pt C%IC\2 derivatives discussed in 
Chapters 1 and 3 were synthesised by Baxter.1^  The copper compounds were made 
using a method analogous to that used for [Ni(CsdoH)2], with [Cu(C>2CCH3)2.H2 0 ] as 
the starting material. The BF2-substituted compounds were synthesised by an adaptation 
of the method used by Schrauzer for the introduction of BF2+ into [Ni(dmgH)2]. The 
H-bridged Mn starting materials were suspended in diethyl ether with a five-fold excess 
ofBF3-Et20  and generally stirred for approximately one hour. After this time the product 
was isolated and washed well with diethyl ether.
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5.7 INTRODUCTION
The complexes of Group VIII(9) transition metals (Co, Rh, and Ir) with 
dimethylglyoxime as a ligand have been rather dominated by the coordination chemistry of the 
lightest member, cobalt.1,2 Interest in these complexes has been due to their relevance in 
exploring various stereochemical and electronic effects, as well as the bioinorganic aspects of 
the ‘cobaloximes’ discovered by Schrauzer and mentioned in Chapter l . 1 Dwyer and Nyholm 
reported the first preparation of a dimethylglyoximato rhodium complex in 1944, in the form of 
the [Rh(dmgH)2Cl2]' anion, supposedly as the H+ salt, although this formulation was later 
revised to [Rh(dmgH)(dmgH2)Cl2] by Gillard et al. by use of spectroscopic evidence (see 
below).3 In contrast, the corresponding iridium compound (in fact the first structurally- 
characterised Ir-dmgH* complex ever) was not reported until 1996 4
Since 1944 the syntheses of many monomeric Rhin-dmgH' compounds have been 
reported. Single crystal X-ray structures of representative examples such as 
[Rh(dmgH)2(Cl)(PPh3)]5 and [Rh(dmgH)2(Cl)(SbPh3)]6 show that these complexes all share a 
trans geometry with the rhodium atom in the plane established by the bidentate 
dimethylglyoxime ligands. This allows hydrogen bonding between the oxime groups so that the 
two dmgH- ligands may be considered to form one pseudo-macrocyclic dianion, as noted 
previously. No ds-Rh111 (or Ir111) dimethylglyoxime complex has been reported to date.
The direct analogy of bis(dimethylglyoximato) rhodium complexes with cobaloximes, 
[Co(dmgH)2(L)(R)] (where L = neutral ligand and R = alkyl group), the well known and 
studied models of the vitamin B 12 coenzyme (5’-deoxyadenosylcobalamin), has meant that these 
complexes are commonly referred to as “rhodoximes”. In the quest to provide further 
information on the relative roles played by steric and electronic effects in the homolytic cleavage 
of the Co-C bond in the B 12 systems, the corresponding rhodium derivatives 
[Rh(dmgH)2(L)(X)] and [Rh(dmgH)2(L)(R)] (X = Cl, L = neutral ligand and R = alkyl group) 
have received a great deal of attention. There have been both structural and kinetic studies, 
along with examination of NMR spectra to investigate the trans-steric effect and influence of the 
coordinated a - a lk y l  groups.  In recognising the resemblance of
bisdimethylglyoximatorhodium complexes to the corresponding cobalt derivatives, Schrauzer 
investigated the properties of the "hypothetical" rhodoxime(I) nucleophiles, {Rh1}-, which were 
generated by adding NaOH to aqueous solutions of rhodoxime hydrides. More recently, studies 
on the reaction of hydridorhodoxime [HRh(dmgH)2(PPh3)] and its conjugate base with alkyl 
halides have been undertaken by Ramasami et a l,  and their have also been attempts to 
characterise catalytically active Rh1 species.13"16
The first dirhodium(II) compound containing an unsupported M-M bond incorporated
1 n
the dimethylglyoximato ligand and was reported in 1967 by Schepinov et al. The 
[RhI][(dmgH)2(PPh3)]2 dimer was prepared by reduction of the rhodium(III) monomer
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[Rh(dmgH)2(Cl)(PPh3)] with excess NaBPU in a methanol-water solution. This compound is 
of central importance to the present chapter. The dimeric formulation was confirmed by Caulton 
and Cotton, who carried out an X-ray structure determination on the red crystalline material and
the dmgH' chelate rings are planar, nearly perfectly staggered when viewed down the Rh-Rh 
axis, and bent away from the axial PPI13 ligands (Figure 5.1).
It was suggested by Cotton that non-bonded repulsions between the staggered dmgH- 
groups were at least in part responsible for the unusually long Rh-Rh distance, which at present 
represents the upper limit for a bond between two Rh11 atoms. However, these non-bonded 
repulsions should be similar in the related [Rh(dmgH)2(py)]2 dimer where an appreciably 
shorter bond length of 2.726(1) Ä was observed. This lends support to an alternative school of 
thought which attributes the large Rh-Rh distance in [Rhn(dmgH)2(PPh3)]2 to the influence of 
the two triphenylphosphine molecules in the axial positions.19 (A similar effect had been 
observed with the rhodium carboxylate dimers, even though the Rh atoms in these species are 
bridged by the chelating ligands.20) This interpretation is in line with crystallographic 
characterisation of a wide variety of such dimeric rhodium compounds, which indicate the Rh- 
Rh interaction is strongly dependent on the nature of the terminal ligands.
An alternative route to the [Rhn (dmgH)2(PPh3)]2 dimer was described by Keller and 
Seibold in 1970, starting from the green rhodium acetate complex, [Rh(C>2CCH3)2]2-21 
Synthesis of various axial adducts other than with PPI13 was also described (L = H2O, CH3OH, 
Me2SO, CH3CN, and py), and the dimeric nature of the compounds was documented by their 
elemental analyses, infrared spectra, and in particular, by their diamagnetic *H NMR spectra. In 
the course of treating [Rh(02CCH3)2h with dimethylglyoxime, the intermediate mixed-ligand 
complex [Rh2(02CCH3)2(dmg)2(PPh3)2] was prepared. It has also been22 structurally 
characterised, although in this case, the two Rh atoms are bridged by the acetate ligands, while 
the two dmgH' ligands each coordinate to one Rh atom to form a normal five-atom chelate
0 1 Qfound that the two Rh atoms were connected by a very long bond of 2.936 A. In the dimer,
0
Figure 5.1 The structure of [Rh(dmgH)2(PPh3)]2.18
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Thermal and photochemical studies of the monomeric Rhn radical, [Rh(dmgH)2(PPh3)], 
have also been reported (such systems are rare and highly unstable, although Rh11 species 
having coordination numbers of four and five have been recognised previously as reaction 
intermediates24'26). This highly-reactive five-coordinate, 17-electron species was generated 
photochemically from [Rh(dmgH)2(PPh3)]2, and also from organorhodoximes such as 
[Rh(dmgH)2(/-C3H7)(PPh3)]. Additionally, the tervalent rhodium complexes [Rh(dmgH)2LCl)
(L = PMe3 and AsMe3) have been studied by differential thermal analysis and thermogravimetric 
analysis. The decomposition of both complexes was reported to occur via the formation of 
the five-coordinate intermediate [Rh(dmgH)2Cl], which apparently attained an octahedral 
configuration on subsequent dimerisation. The presence of Rh-Cl-Rh bridges was suggested by 
the infrared spectra and also based on the cryoscopic determination of the molecular mass of 
recovered '[Rh(dmgH)2Cl2]’.
Rhodium(H) compounds have found several applications in the catalytic transformations 
of organic substrates, and it has been demonstrated that the dimeric bis(dmgH’) complex 
[Rh(dmgH)2(PPh3)]2 is an efficient catalyst for the transfer of active hydrogen, as well as being 
capable of catalysing the addition of the ^ = S i— H moiety to unsaturated compounds 
(hydrosilylation).28'30 Thus, the chemistry of rhodium(I), (II), and (III) dioxime complexes 
has been well established now for nearly three decades.
By contrast, information on iridium dmgH' complexes is scarce and until recently largely 
revolved around applications to the area of analytical chemistry. A few reactions were reported 
in 1938 by Federov and Lebedinskii who documented that the behaviour of Ir111 with respect to 
dmgH- was similar to that of cobalt and rhodium. They noted that when an ammonium 
hexachloroiridate solution was boiled with an excess of dmgH2, the result was the gradual 
precipitation of the H[Ir(dmgH)2Cl2] acid, as observed for the corresponding cobalt and
o  1
rhodium derivatives. From the series of chemical reactions reported, the authors proposed 
that the two chlorine atoms were cis to one another. However, in 1996 Siminov et al. published 
a paper specifically concerned with study of the structures of iridium complexes with 
dimethylglyoxime.4 They crystallographically determined the structure of Federov's Ir111 
complex, better represented as [Ir(dmgH2)(dmgH)Cl2], and showed that the iridium complex, 
like the analogous Co and Rh complexes, has a trans-octahedral structure stabilised by 
intramolecular H-bonds, contrary (of course) to the earlier supposition.
The first complex of ruthenium with dmgH- as a ligand was reported in 1980 by 
Middleton et al., who treated [RuCl2(PPh3)3] with dmgH' to produce [Ru(dmgH)2(PPh3)2]. ' 6 
Soon after, Cairns and James synthesised the complexes [Ru(dmgH)3]2 + , 
[RuCl2(Me2SO)2(dmgH)2] and [RuCl(Me2SO)(dmgH)2]+ from [RuCl2(Me2SO)4]. In 1988, 
Bond and Khalifa studied a series of divalent complexes of formula [Ru(dioxime)2L2], 
containing axial ligands such as phosphine, imidazole, dimethylsulfoxide and pyridine. The 
oxidative electrochemistry of these complexes was examined to ascertain if six-coordinate
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ruthenium(III) and (IV) complexes were generally accessible using the psuedo-macrocyclic 
dmgH' ligand (or substituted analogues). This was of particular interest given that tetravalent 
ruthenium complexes had been implicated in catalytic processes, including promotion of water 
oxidation to molecular oxygen.
5.1.1 Purpose of This Work
The coordination chemistry of the d8 platinum metals with the novel CgdoH^ and 
Ci2doH2 dioximato ligands has been presented in Chapters 1, 3 and 4. From here it was seen 
as a natural progression to extend the chemistry of these ligands to include metals of the middle 
transition series, especially rhodium and iridium. Unlike the planar Ni, Pd, Pt (and Cu) 
dimethylglyoximato complexes, where sparing solubility severely restricted the electrochemical 
studies, the axially-ligated rhodium dmgH' compounds dissolve freely in a range of solvents. 
Despite this, and perhaps surprisingly, only a few studies exploring the voltammetric behaviour 
of the ‘rhodoximes’ have appeared in literature, most of these directed at the nature of the 
cathodic process(es),14 No electrochemical studies on iridium glyoximato compounds have 
been uncovered, prior to our own. Synthesis of a series of organosoluble compounds 
containing the {M(CndoH)2} moiety (M = Rh, Ir, Ru) and investigation of their oxidative and 
reductive behaviour was therefore of intrinsic interest, especially given the propensity of 
dioximate ligands to stabilise unusual oxidation states. This chapter will therefore describe the 
synthesis of a number of [RhIII(CndoH)2(Y)(Y')] and [Irm (CndoH)2(Y)(Y')] monomeric 
compounds (both symmetrically and asymmetrically (Y * Y') ligated), and investigate their 
electrochemical properties. It also considers the voltammetry of two ruthenium complexes 
isolated during the course of this work. ^
Finally, as an unsupported Rhn-Rhn dimer, the [Rh(dmgH)2(PPh3)]2 complex18 is 
directly analogous to and isoelectronic with the Ptni-Ptni Cs~ and C12- oc-dioximato dimers 
discovered within our laboratory (Chapter 4). We recognised that synthesis of a 
[Rh(CndoH)2(PPh3)]2 dimer would allow not only a direct comparison between diagonally 
related second and third row metal-metal bonds within our own work, but also an interesting 
insight into the ‘diagonal relationship’ between iso-electronic Rh11 and Ptm . Although the 
voltammetry of [Rh(dmgH)2(PPh3)]2 has been reported elsewhere, it was done so only briefly. 14 
The synthesis and electrochemistry of this dimeric complex has therefore been repeated. The 
results are reported prior to the voltammetric and spectroscopic properties of the organo-soluble 
a-dioximes, due to their highly relevant bearing on the work in hand. Sections 5.4.3 and 5.6, 
respectively, will then address attempts to characterise a rhodium(II) dimer incorporating the 
carbocyclic a-dioxime ligand, both chemically and electrosynthetically.
! Note that the Auin -Cs complex was synthesised but could not be isolated with an innocent anion, 
thus preventing electrochemical measurements (see Appendix 5.1.4 and §6.2.4). Additionally, 
attempts to synthesise the Ag-Cg complex were unsuccessful.
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5.2 SYNTHESIS AND CHARACTERISATION OF THE ORGANO-SOLUBLE
Rhi n , Iri u  AND Ru11 MONOMERIC a-DIOXIMATO COMPLEXES
5.2.1 Synthetic Procedures
5.2.1.1 Rhodium and Iridium
It was noted long ago that the coordination chemistry of rhodium is often hampered by 
slow and inconvenient preparative reactions, and by the inert nature of the complexes formed.3 
This situation is even more pronounced in the case of iridium. Ligand substitutions on Ir111 tend 
to be sluggish, often requiring forcing conditions. In particular, the anionic Irm complexes are 
by and large inert, so that their preparation is recognised to be significantly harder than making 
the corresponding Rhm species.32 In 1965 Gillard et al. investigated the syntheses of several 
dimethylglyoximato complexes of the type [Rh(dmgH)2XCl]' and emphasised that the chosen 
solvent, alcohol, also served as a catalyst in these reactions. It was proposed that catalysis 
arose from the ease of formation of hydridic intermediates, and that subsequent substitution in 
the position trans to the hydride ligand was rapid.
Many organorhodoximes have been synthesised for comparison with the cobaloxime 
analogues. For example, Steinborn and Ludwig prepared a wide variety of 
[Rh(dmgH)2(PPh3)R] complexes (R = alkyl, vinyl, phenyl, and alkynyl) by methods such as 
oxidative addition ([Rh(dmgH)2(PPh3)]‘ + RX) or transmetallation ([Rh(dmgH)2(PPh3)Cl] + 
Ph2Hg).33 Randaccio et al. synthesised a series of [pyRh(dmgH)2R] complexes with various R
O 1 A
alkyl groups. More recently they have reported the non-alkyl tervalent complexes 
[pyRh(dmgH)2Cl] and [pyRh(dmgH)2l], obtained by reduction of H[Rh(dmgH)2Cl2] to Rh1 in
n
the presence of pyridine, followed by re-oxidation. Relatively few non-organometallic neutral 
rhodoximes have been synthesised however, due probably to the inertness and insolubility of 
the dichloro precursor [Rh(dmgH)2Cl2]'. (The few reports of the reactions of iridium with 
dimethylglyoxime also indicate the insolubility of [Ir(dmgH)2Cl2]‘, except in alkali.4) 
However, [Rh(dmgH)2(Cl)(PPh3)] can be prepared directly from rhodium trichloride, 
dimethylglyoxime and a stoichiometric amount of phosphine. (Shaplygin has also reported the 
synthesis of [Rh(dmgH)2(Cl)(PMe3)] and [Rh(dmgH)2(Cl)(AsMe3)] by an analogous route in 
~70 and ~60 % yields, respectively. ) Unfortunately, Asaro et al. reported that attempts to 
extend this synthesis to other phosphines gave unsatisfactory results and often led to a mixture 
of products. Contamination by the dichloro complex was common.12 They therefore turned to 
synthesis via the Rh1 complex produced by reduction of the dichloro species (i.e., investigating 
the potential of the catalytic nature of this oxidation state of Rh as previously reported by other 
workers). The phosphine was then added followed by oxidation in air. It was found that via 
this synthetic route the neutral trans compounds [Rh(dmgH)2(Cl)(PR3)] could be obtained for 
PChx3 and P*Pr3, but that with better donor and less bulky phosphines such as PEt3, P"Bu3 
and PPti2Me, complexes with a modified equatorial ligand resulted.34
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Much earlier, Powell documented the preparation of the rhodium(III) 
dimethylglyoximato complexes [Rh(dmgH)2LX] (L = PI13P, PhßAs; X = Cl, Br, I or L = 
Ph3Sb; X = Cl, Br) and [Rh(dmgH)2(Cl)(S=C(NH2)2)l from rhodium trichloride, 
dimethylglyoxime, and the appropriate co-ligands in hot aqueous ethanol. The yields reported
were relatively high though the compounds were characterised only by elemental analysis and 
melting point. In general, this was the synthetic route adopted in our own work. However, the 
CndoH2 derivatives were often difficult to purify and yields in many instances were quite low. 
This was especially true for the volatile phosphines PMe3 and PEt3, and for the reactions 
involving pyridine. In addition, the dichloride species, [Rh(CndoH)2Cl2]~ was commonly 
isolated as a byproduct in these reactions. It is presumably the first species formed in the 
reaction of rhodium trichloride with the ligand. A similar difficulty has been encountered by 
other workers in reactions of dmgH' with rhodium.
The synthetic methods employed for the rhodium and iridium (along with ruthenium) 
compounds prepared in the course of this work are detailed in Appendix 5.1. Often forcing 
conditions were required in the form of higher temperatures, butan-l-ol being the solvent of 
choice in these cases. Because of the low yields obtained, synthesis of the rhodium dioximato 
monomers generally focused on reactions with the CsdoH2 ligand which is more readily 
available than its C12 counterpart (solubility of the final products was certainly not a problem, 
with the exception of the conjugate acid of [Rh(CgdoH)2Cl2]'). In many instances purification 
of the final products by column chromatography was necessary, especially in the case of iridium 
where on occasion two consecutive columns were required. Synthesis of the Rhm-PEt3 and -py 
complexes of CsdoH2 was also attempted via the [RhCl3(PEt3)2]2> [pyH+]2[RhCl5(py)] and 
trans- [pyH+] [RhCl4(py)2] starting materials as appropriate, in order to circumvent the problem 
encountered in the substitution inertness of the [Rh(CsdoH)2Cl2]' species. Likewise, access to 
the Ir-pyridine complexes was achieved using frans-(pyH)[IrCl4(py)2] as starting material. The 
final yields of the products using these precursors were indeed higher, but (perhaps 
unexpectedly) a mixture of compounds still resulted and separation by column chromatography 
was again required. Interestingly, Shaplygin found that when the complexes 
[Rh(dmgH)2(S=C(NH2)2)(X)] (X = Cl or Br) were boiled in pyridine for 2 - 3 hours, the 
thiourea molecule in the coordination sphere was replaced completely by pyridine with 
formation of the complexes [Rh(dmgH)2(Cl)(py)] and [Rh(dmgH)2(Br)(py)].27 (The first of 
these complexes was previously described by Gillard and coworkers. ) However, the 
complexes [Rh(dmgH)2(Cl)(PMe3)] and [Rh(dmgH)2(Cl)(AsMe3)] did not undergo the 
corresponding ligand exchange reactions, even after treatment for 10 hours with boiling 
pyridine. A similar experiment was performed here by attempting to react 
[Rh(CgdoH)2(Cl)(PPh3)] with excess AsMe3 or pyridine. No sign of ligand exchange was 
observed, however.
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5.2.1.2 Ruthenium
Synthesis of [Ru(Ci2doH)2(PPh3)2] from [RuCl2(PPh3)3] initially appeared 
straightforward, giving rise to the proposed compound as a CHCI3 solvate. This was 
confirmed by a single-crystal X-ray structure determination of the complex, which showed the 
PPh3 moieties to be axially disposed in a trans configuration, as described in §6.2.10. There 
was no reason to suspect from the early characterisation of this compound that it should differ in 
its properties from that of the electronically analogous [Ru(dmgH)2(PPh3)2], first prepared by 
Middleton et al. in 1980 and studied electrochemically eight years later by Bond and 
Khalifa.37 However, it may be noted that the 31P NMR signal occurs some 5 ppm further 
upfield in the Ci2-bis phosphine complex compared to the dmgH- complex (or for that matter, 
[Ru(CgdoH)2(PPh3)2]). To borrow from results discussed in §5.7, the voltammetry of 
[Ru(Ci2doH)2(PPh3)2] drew our attention to a disconcerting discrepancy between the oxidative 
processes measured for this complex and those previously measured by Bond and Khalifa for 
the Ru-dmgH- analogue(s). For although two reversible oxidations were observed for 
[Ru(Ci2doH)2(PPh3)2], as for [Ru(dmgH)2(PPh3)2], both processes occurred at potentials 0.5 
V more positive in the C^doH ' complex. This was somewhat surprising given the analogous 
electronic behaviour of the dmgH- and Cg/ndoH- Co (§3.1) and Rh (see below) complexes, 
and prompted us to synthesise our own sample of [Ru(dmgH)2(PPh3)2], along with 
[Ru(CgdoH)2(PPh3)2] for additional comparison.
[Ru(dmgH)2(PPh3)2] was prepared using the method of Middleton et al. It was found 
necessary to use rigorously dry conditions in order to obtain an analytically pure sample. If 
water was not meticulously excluded, a slight shift in the 31P NMR chemical shift was 
observed. It is now believed that wet solutions/sample also made obtaining reproducible 
voltammetric results difficult (see §5.7.2). Likewise, [Ru(CgdoH)2(PPh3)2] was shown to be 
very sensitive to the presence of water. This was clearly demonstrated by the addition of a drop 
of water to a deuterated chloroform solution of the complex and observing the effect this had on 
the NMR spectrum. The ß, 7, 8 proton signals doubled in number while three other new 
signals appeared - two very broad signals at 1.62 and 4.82 ppm, the third downfield at 12.11 
ppm. At the same time there was a small shift upfield of the 31P signal by 0.8 ppm and no 
apparent liberation of free PPI13. No evidence of the same reaction of [Ru(Ci2doH)2(PPh3)2] in 
the presence of water was noted, although unfortunately we were not aware of the unusual 
behaviour of the Cg analogue before the C12 complex had been used up during the course of the 
electrochemical experiments to be described below. At this stage, it is our feeling that addition 
of water to the [Ru(CgdoH)2(PPh3)2] solution in some way disrupts the dioxime hydrogen 
bridge, causing asymmetry in the complex; the spectra are quite different in appearance from 
those observed for the asymmetrically axially substituted CgdoH- and C^doH - complexes such 
as [Rh(CgdoH)2(Cl)(PPh3)] and [Ir(CgdoH)2(Cl)(PPh3)]. Altering the cavity in this way may 
facilitate the earlier oxidation of the Run centre.
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5.2.2 Infrared Studies
The formulation of the compound 'hydrogen dichlorobisdimethylglyoximato 
rhodate(III)', was first questioned by Gillard et al. when it was noted that although the 
[Rh(dmgH)2Cl2]' anion undoubtedly exists in aqueous solution, as shown by the coincidence of 
the ultraviolet spectra of the monobasic acid and its salts, the presence of an O-H stretching 
mode at 3400 cm-1 (i.e., non-bridged OH) in the infrared spectrum rendered the formulation 
incorrect for this compound in the solid state. It was suggested that it was more accurately 
represented as [Rh(dmgH)(dmgH2)Cl2] as in the analogous compound of Co111. The familiar 
hydrogen bond O-H-O frequency was located in the acid salt as an extremely broad band 
centred at 2440 cm-1. For the Cs analogue this is found at 2400 cm-1. The infrared spectra of 
the six-coordinate Rhm and Irm a-dioximato compounds are again complicated, as was the case 
for those of the Ni, Pd, and Pt complexes detailed in Chapter 1, and assignment of all the bands 
was not possible. Consequently, it is the main absorption bands of interest that are listed in 
Table 5.1. Judging by the analogous CI/PPI13 compounds grouped side-by-side in the Rh or Ru 
sections of the Table, the added mass/complexity of the carbocyclic rings of the Cg/C]2 moieties 
has negligible effect on the characteristic frequencies. The anionic and cationic counterions, 
triflate and tetraphenylarsonium, were readily identified in the infrared spectra by their 
characteristic absorption bands, although these frequencies are not included in the Table. The 
infrared spectrum of [Ru(dmgH)2(PPh3)2] has previously been reported by Middleton et al, 
who noted it to be a strongly hydrogen-bonded species with the hydrogen bond absorption 
being obscured by the v(C-H) modes.
5.2.3 NMR Analysis
The *H, 13C and 31P-{ *H} NMR data for the Rhm, Irni and Ru11 CsdoH' a-dioximato 
complexes along with [Rh(dmgH)2(Cl)(PPh3)j are listed in Table 5.2. The *H NMR spectra of 
the symmetrically-substituted complexes resemble their Mn (M = Ni, Pd and Pt) and M ^  (M = 
Pd, Pt) counterparts, with broad resonances observed due to second- and third- order coupling 
for the methylene groups of the carbocyclic rings of these chelates. Although the *H NMR 
chemical shifts for H[Rh(Ci2doH)2Cl2] and [Ru(Ci2doH)2(PPh3)2] are not included in Table 
5.2 (see instead Appendix 5.1), it is again true that the 5, 8 and ^ resonances are superimposed 
for the larger cycloalkane ring, while the ß, y, and 8 protons of the CgdoH2 complexes are all 
resolved. The ß-proton signals show a general trend downfield in the progression from Ni11, 
Pdn , Ptn to Rhm and Irm - presumably a consequence of the higher oxidation states of the d6 
transition metals. The y and 8 resonances are virtually unaffected. The resonances of the P d^ - 
and PtIV-[(CndoH)2Cl2] (n = 8, 12) complexes are yet further deshielded, while the chemical 
shifts of the iridium complexes are in most cases marginally downfield of their rhodium 
analogues.
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Complex
Vibrational Mode0 
v(C=N) v(N-O) v(N-O) v(OHO) 8(OHO) v(M-X)*
H[Rh(C8doH)2Cl2] 1518 1228 1032 2400 1620,1589 331
[Ph4As][Rh(C8doH)2Cl2] 1518 1231 1032 2500 1601,1576 331
H[Rh(C8doH)2Br2] 1517 1242 1030 2400 1640, 1625 263
[Rh(dmgH)2(Cl)(PPh3)] 1535 1256 1030 2440 -1680 320
[Rh(C8doH)2(Cl)(PPh3)] 1530 1249 1032 2400 1684 295
[Rh(C8doH)2(Cl)(AsPh3)] 1541 1260 1036 2311 1730,1638 302
[Rh(C8doH)2(PMe3)2]Cl 1528 1249 1030 2700 1605 -
[Rh(C8doH)2(Cl)(PEt3)] 1532 1253 1032 2365 1685 289
[Rh(C8doH)2(PEt3)2]Cl 1515 1254 1030 2400 1655 -
[Rh(C8doH)2(Cl)(py)] 1522 1246 1030 2450 1629 326
[Rh(C8doH)2(py)2]Cl -1500 1271 1031 2400 -1680 -
[Ph4As][Ir(C8doH)2Cl2] 1531 1249 1029 2400 1683 328
[Ir(C8doH)2(Cl)(PPh3)] 1525 1260 1028 2400 -1620 235
[Ir(C8doH)2(py)2] [CF3SO3] 1509 1271 1030 2400 -1650 -
[Ru(dmgH)2(PPh3)2] 1510 1228 1081 - 1640, 1586 -
[Ru(C8doH)2(PPh3)2] 1483 1256 1089 2400 1640, 1587
[Ru(Ci2doH)2(PPh3)2] 1482 1281 1029 2400 1667, 1586 -
Table 5.1 Assignment o f selected infrared absorptions (cm'1) for the rhodium, iridium, and 
ruthenium glyoximato complexes synthesised in this work.
a KBrdisc 
b Polythene disc
The most striking difference in the *11 NMR spectra of the Rh and Ir complexes, 
however, arises upon substitution of one of the pair of axially-coordinated ligands X (Cl in the 
examples listed) by a different trans ligand, Y. Not surprisingly, the asymmetrically substituted 
compounds have more complicated !H NMR resonance patterns - there is a characteristic 
splitting of the proton signals, in particular the ß-proton resonances. This transformation of a 
JH NMR spectrum attributable to a centrosymmetric Mm complex (M = Rh, Ir) by loss of the 
equatorial mirror plane is illustrated in Figures 5.2 and 5.3 for the complexes 
(Ph4As)[Rh(CgdoH)2Cl2] and [Rh(C8doH)2(Cl)(PPh3)]. Assignment of the appropriate proton 
signals of the [Rh(C8doFl)2(Cl)(PPh3)] spectrum was made by performing a 2-D HETCOR
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NMR experiment and as indicated, the ß, y, and 8 proton signals all split to give two 
resonances. One each of the y and 5 resonances overlapped and the resulting multiplet is 
labelled accordingly. The X-ray crystallographic study of [Rh(C8doH)2(Cl)(PPh3)] also 
indicates that in solution fast flexing of the C8 dioximato rings must be occurring on the NMR 
timescale, as the static crystal structure of this compound depicts one of the rings folded 
upwards while the other is folded down (see Chapter 6). A similar characteristic splitting of the 
!H NMR peaks is also observed for the asymmetrically substituted compounds 
[Rh(C8doH)2(Cl)(X)] (where X = AsPh3, PEt3) and for [Ir(C8doH)2(Cl)(PPh3)]. This is not 
the case, however, for [Rh(C8doH)2(Cl)(py)] (and [Ir(C8doH)2(Cl)(py)]), as illustrated in 
Figure 5.4. Unexpectedly, there is only one ß-proton resonance although the y and 8 signals 
split in a fashion analogous to that observed for [Rh(C8doH)2(Cl)(PPh3)]. This is borne out by 
integration of the signals. It would appear that the origin of this phenomenon is accidental 
coincidence more likely of electronic rather than structural origin. As well as being affected by 
the oxidation state of the metals, the proton and carbon chemical shifts of the a-dioximato 
chelate are, quite naturally, also influenced by the nature of the axially coordinated ligands. It 
seems likely that the exo and endo ß -protons of [Rh(C8d o H )2(Cl)(py)j and 
[Ir(C8doH)2(Cl)(py)j are respectively deshielded and shielded so as to give, by chance, 
coincident signals. This is not the case however for the chemical shifts of the y and 8 protons, 
which still exhibit the characteristic splitting patterns of the other asymmetric compounds.
It can be noted in the NMR spectrum of (Ph4As)[Rh(CgdoH)2Cl2] (Figure 5.2) that 
there is a broad peak at ~ 5 ppm due to the proton of the intramolecular hydrogen bond. The 
presence and position of this signal was very variable, depending on the concentration of the 
sample, the solvent, and how dry the sample or NMR solvent were. This behaviour was noted 
by Gillard et al. who could find no signal due to the hydrogen bond of [Rh(dmgH)2Cl2] in 
DMF and explained it by proposing hydrogen transfer to give HCON(H)Me2+. They also 
found that the intra molecular H-bond was difficult to detect in [Rh(dmgH)2(Cl)(py)] compared 
to the analogous complexes of the first transition metals. The position of the O-H-O bond was 
observed at 12 ppm compared to 17 ppm for [Co(dmgH)2(Cl)(py)], the position varying with 
dilution. Thus, whereas an O-H—O bond of this type for cobalt dioximato complexes could be 
expected to be detected in the region of 17 - 18 ppm, the same resonances for the rhodium and 
iridium dioximes are found much further upfield. This is explained in terms of the hydrogen 
bonds in the rhodium(III) and iridium(III) complexes being longer and therefore weaker than in 
the cobalt analogues - a consequence of the larger radii of these two metals.
The 13C NMR spectra for the carbocyclic a-diiminato ligands are all similar in 
appearance and there is little variation in the detailed chemical shifts between the symmetrically 
and asymmetrically substituted compounds.
The 17(103Rh-31P) coupling constants from the 31P NMR data of a wide range of 
organörhodoxime compounds [Rh(dmgH)2(PPh3)R] have been reported and used as a measure
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of the trans influence of the organo group R.33 The data available on the corresponding 
organometallic derivatives is much more limited. However, work by Asaro et al. on the series 
of rhodoximes [Rh(dmgH)2(PR3)X] (PR3 = PPI13, PCI1X3, P*Pr3; X = Cl, Me, H2O) showed 
that there is a heavy dependence of the 17(103Rh-31P) values on the trans ligand X. The 
dependence of the 31P complexation shift on X was found to parallel that of the coupling 
constants and there was also a good quantitative correspondence between the 31P chemical shifts 
in the chlororhodoximes and chlorocobaloximes.38
The data in Table 5.3 present the 17(103Rh-31P) coupling constants measured for the 
[Rh(dmgH)2(Cl)(PR3)] complexes synthesised in this work, along with those for the 
compounds of Asaro er al.12 There is good agreement between the 31P complexation shifts of 
[Rh(dmgH)2(Cl)(PPh3)] and [Rh(C8doH)2(Cl)(PPh3)] and their respective 17(103Rh-31P) 
values (23.8 ppm, 122.8 Hz and 24.4 ppm, 122.6 Hz, respectively). In addition, it would 
appear that a 103Rh-31P coupling constant in the order of 120 Hz is standard for phosphorus 
trans to chloride, while a value for 17(103Rh-31P) of 80 - 90 Hz can be expected for a phosphine 
trans to another phosphine.12,34,39 Asaro et al. noted that for the phosphine aqua derivatives, 
higher values for the rhodium-phosphorus coupling constants and 31P resonances were obtained 
than for the neutral chloro derivatives (e.g., [Rh(dmgH)2(H20)(PPh3)][ClC>4]: 631p = 29.7 
ppm, 17(103Rh-31P) = 139 Hz). They suggested this was due to the phosphine interacting more 
strongly with the rhodium in the [Rh(dmgH)2(H20)(PPh3)] complexes. It was also observed 
that in the PPI33 derivatives, the equatorial methyl protons were 0.3 ppm more shielded than for 
the corresponding aliphatic phosphines. This was attributed to the magnetic anisotropy of the 
phosphine phenyls. A similar effect is observed for the cobaloximes 40,41 Further shielding of 
the equatorial methyls in the bis(triphenylphosphine) compound, [Rh(dmgH)2(PPh3)2]Cl, has 
correspondingly been related to the increased number of aromatic rings. It would appear that 
this effect is evident in the [Rh(C8doH)2(Cl)(PPh3)] complex, with both ß-proton resonances 
being more shielded by approximately 0.3 ppm compared to their PMe3 and PEt3 analogues.
Despite its synthesis having been reported on many occasions, we found no report of the 
31P-{1H} NMR spectroscopy of the diamagnetic Rhn dimer, [Rh(dmgH)2(PPh3)]2- The 31P 
signal, which takes the form of a triplet, is some 20 ppm upfield of the 31P chemical shift for 
[Rh(dmgH)2(PPh3)2] indicating a much greater degree of shielding of the phosphorus atom(s). 
This is to be expected for PR3 in a complex containing a Rh-Rh metal bond; it will be much 
more electron rich than in a related Rhm complex containing a phosphorus atom trans to, for 
example, another PPI13, or even richer than in iso-electronic [Run(dmgH)2(PPh3)2].
The [Ru(C8/i2doH)2(PPh3)2] complexes have been characterised, but no other PR3 
complexes as yet. The 31P NMR signal for [Ru(dmgH)2(PPh3)2] in CDCI3 was reported to be 
28.93 ppm by Middleton et al,36
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Compound 31P-{!H} NMRa lJ(m Xh-3lP)b
[Rh(dmgH)2(Cl)(PPh3)]c 23.8 122.8
[Rh(dmgH)2(Cl)(PChx3)F 26.7 119
[Rh(dmgH)2(Cl)(P'Pr3)]c 37.9 119
[Rh(dmgH)2(PPh3)2]CK 17.6 92
[Rh(dmgH)2(PPh2Me)2]Cl<V 7.4 88
[Rh(dmgH)2(P"Bu3)2]C104^ 8.9 85
[Rh(dmgH)2(H20)(PPh3)]c 29.7 139
[Rh(dmgH)2(PPh3) ] / . / -2.7 51.1
[Rh(C8doH)2(Cl)(PPh3)]^ 24.4 122.6
[Rh(C8doH)2(Cl)(PEt3)]e 29.0 117.9
[Rh(C8doH)2(PEt3)2] [CF3S03]e 13.3 87.1
[Rh(C8doH)2(PMe3 )2] Cle - 8.8 80.9
[lr(C8doH)2(Cl)(PPh3)]e 14.2 -
[Ru(dmgH)2(PPh3)2]e 29.8 -
[Ru(C8doH)2(PPh3)2]e 29.1 -
[Ru(C 12doH)2(PPh3)2]e 24.5 -
Table 5.3 NMRa and 1 J (103Rh-31 P )b data fo r  [Rh(dmgH)2(C l)(P R 3)] f
[Rh(dmgH)2(PR3)2]+, [Rh(C8doH)2(Cl)(PR3)] and [Rh(CsdoH)2(PR3)2]+ complexes (where 
PR3 = PMe3, PEt3, PPh3, PPh2Me, PChx3 and PiPr3, PnBu3). The Ir111- phosphine complex 
is included fo r comparison, as are the Ru11 -phosphine complexes and dimeric 
[Rh(dmgH)2(PPh3)]2.
a Chemical shifts in ppm. Recorded in CDCI3 
b 1J(103Rh-31P)inHz 
c Reference12 
^ Reference34 
e This work 
/  Recorded in CßDß
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5.3 ELECTROCHEMISTRY OF THE RHODIUM AND IRIDIUM  
a-DlOXIMATO COMPOUNDS
5.3.1 Introduction
As already mentioned, no prior electrochemical studies on iridium dimethylglyoxime 
compounds have been uncovered. Moreover, reports in literature of electrochemical studies on 
the rhodoximes are rather scarce. They focus primarily on the reductive electrochemistry of the 
compounds, and they present results which are mutually contradictory. This situation is 
aggravated by an almost invariable failure to include representative voltammograms, making 
such studies less informative and harder to evaluate.
The initial impetus for this work was our wish to isolate an unsupported Rhn-Rhn dimer 
analogous to the Ptin-Ptm C&- and C\2~ a-dioximato dimers discussed in Chapter 4, and to 
clarify the sketchy reductive voltammetry previously reported for rhodium dioximes. We found 
the lack of interest in the oxidative chemistry of the rhodium(III) complexes somewhat 
surprising, given the ready solubility of the rhodium dimethylglyoxime complexes and the 
prospect of stabilising RhW via pseudo-macrocyclic ligands of this type. Accordingly, we have 
ourselves investigated the oxidation of the organosoluble rhodium(IH) CndoH' compounds, and 
[Rh(dm gH)(Cl)(PPh3)] as well. This yielded a wealth of new results, particularly 
spectroscopic. These results are detailed below and provide a valuable link with experiments on 
the electrochemistry of the Ni, Pd and Pt complexes discussed in Chapters 3 and 4. For this 
reason the new results of this work will be presented first, and then discussed within the context 
of previous reports in this area.
In addition, the [Ru(diox)2(PPh3)2]+/0 couple, which is formally isoelectronic (d5/d6) 
with the rhodium and iridium [M(diox)2(L)2]0/‘ processes, has been investigated, both 
voltammetrically and spectroelectrochemically. Again, the results from this study will be set out 
before comparing them with studies elsewhere involving similar ruthenium compounds, and 
with the rhodium and iridium processes investigated in our own laboratory.
5.3.2 Results
Table 5.4 lists the E\/2 values (for reversible couples) or peak potentials, £ p (for 
irreversible couples), for the cathodic and anodic redox steps of the rhodium and iridium a- 
dioxim ato dmgH* and CndoH" monomers, as well as the dimeric complex 
[Rh(dmgH)2(PPh3)]2- All the complexes were studied using the voltammetric techniques 
described in Chapter 2.
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Complex £pred(l)i> £l/20x(l)a
[Rh(dmgH)2(Cl)(PPh3)] -1.19 +1.23 + 1.92
[Rh(dmgH)2(Cl)(PPh3)]c -1.26 + 1.06 + 1.32
[Rh(dmgH)2(PPh3)]2c -1.40 +1.13^ + 1.26
H [Rh(C 12doH)2Cl2] -1.70 +0.85 + 1.71
[PI14AS] [Rh(C8doH)2Cl2] -1.77 +0.86 + 1.67
Na[Rh(C8doH)2Br2] -1.54 +0.91 + 1.78
[Rh(C8doH)2(Cl)(PPh3)] -1.36 + 1.19 + 1.86
[Rh(C8doH)2(Cl)(AsPh3)] -1.08 + 1.18 + 1.87
[Rh(C8doH)2(Cl)(PEt3)]c -1.30 + 1.02 + 1.71
[Rh(C8doH)2(PEt3)2][CF3S0 3 ] -1.24, -1.72 + 1.47 {+1.96}^
[Rh(C8doH)2(Cl)(py)] -1.39 + 1.19 -
[Rh(C8doH)2(Cl)(py)]e -1.58 +0.84 + 1.48
[Rh(C8doH)2(py)2] [CF3SO3] -1.09 +1.46 + 1.81
[Ph4As][Ir(C8doH)2Cl2] - +0.82 +1.56
[Ir(C8doH)2(Cl)(PPh3)] {-1.95}«* +1.13 -
[Ir(C8doH)2(Cl)(PPh3)]c -1.41 +1.03 + 1.54
[Ir(C8doH)2(py)2] [CF3SO3] -1.08 +1.43 -
Table 5.4 Electrochemical data12 for [M(CndoH)2^2] and [M(CndoH)2(Cl)(L)] a-dioximato 
complexes (M = Ir, Rh) (n = 8, 12), along with [Rh(dmgH)2 ( C l)( P P h 3 )] and 
[Rh(dmgH)2(PPh3)]2.
a E\i2, Ep values in volts versus Ag/AgCl in CH2CI2/O.5 M [nBu4N][BF4] at 20°C (unless 
CH3CN indicated); Scan rate = 100 mV s-1
b Irreversible redox couple. Epf was determined from the potential for the forward wave of the 
cyclic voltammogram
c E\/2, Ep values measured in CH3CN/O.I M [nBu4N][BF4] at 20°C
d Clearly discerned but accurate value unavailable due to the onset of solvent reduction
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The organo-soluble rhodium and iridium a-dioximato monomeric complexes all 
underwent a reversible one-electron oxidation (as confirmed by coulometry) and an irreversible 
one-electron second oxidation, where the second process could be observed before the onset of 
the solvent front. In the main the voltammetry was carried out in dichloromethane. However, 
several of the complexes were also investigated in CH3CN. Some solvent-dependency was 
observed. Although the effect was not uniform, the more polar solvent rendered the oxidations 
more accessible and reduction in CH3CN was certainly preferred for spectroelectrochemistry 
(see below).
The oxidative voltammetry of the organo-soluble CndoH‘ Rh and Ir monomers at a 
stationary Pt working electrode was well-behaved, as was that of [Rh(dmgH)2(Cl)(PPh3)] 
which had not to our knowledge been reported previously (despite investigations of its reductive 
voltammetry). The electrochemistry of the [Rh(dmgH)2(PPh3)]2 dimer will be described later, 
although it is included in Table 5.4.
Figure 5.5 compares the anodic voltammograms for (Ph4As)[Rh(C8doH)2Cl2] and 
[Rh(C8doH)2(Cl)(PPh3)] in 0.5 M ['IBu4N][BF4]/CH2Cl2. Oxidation of [Rh(C8doH)2Cl2]- is 
easier by approximately 0.3 V compared to [Rh(C8doH )2(C l)(P P h3)]. Similarly, 
[Rh(C8doH)2(Cl)(PPh3)] is reduced (albeit irreversibly) at a potential approximately 0.4 V more 
positive than [Rh(C8doH)2Cl2]'. The iridium complexes proved marginally easier (30 - 60 mV) 
to oxidise than their rhodium counterparts. On the reductive side, comparisons of Rh/Ir peak 
potentials are more variable, no doubt because the electrode processes were completely 
irreversible and influenced by kinetic as well as thermodynamic considerations (see Figure 5.6). 
The two bis-pyridine complexes have coincident reductions, the Ir CI/PPI13 complex is probably 
a little harder to reduce (in CH3CN); at the other extreme, reduction of the iridium dichloro 
complex is apparently too sluggish to be seen at all (unlike its Rh analogue). Overall, the 
variation in potentials between the analogous 4d and 5d complexes is seen to be remarkably 
small. Coupled with the fact that the redox potentials of the reversible electrochemical processes 
shifted only modestly (0.2 - 0.4 V) upon replacement of an axial chloride by, for example, PPI13 
or pyridine, this suggests that the oxidative processes are largely ligand-based, as opposed to 
metal-centred. (Metal-centred couples could be expected to shift by 0.6 - 0.8 V for the same 
substitution.42,43) This has, in fact, been substantiated by EPR experiments on the oxidised 
(Ph4As)[Rh(C8doH)2Cl2], [Rh(C8doH)2(Cl)(PPh3)] and (Ph4As)[Ir(C8doH)2Cl2] complexes 
to be described in §5.5.
Cathodic voltammetry revealed irreversible reductions for all the complexes listed in 
Table 5.4 with the exception of (Ph4As)[Ir(C8doH)2Cl2] where no reduction was observed at 
all. A second cathodic wave was also observed for [Rh(C8doH)2(PEt3)2]+ (£p = -1.72 V) and 
this is almost certainly due to a daughter product rather than multiple reduction of the intact 
molecule.
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+ 1 0 -1 
E (Volts)
Figure 5.6 Cyclic voltammogram o f [Ir(C8doH) 2(Cl ) (PPh3)] in CH3CN/ O. I M  
[nBu4N][BF4] at 20°C; scan rate 100 m Vs'f
In most cases, by comparison with the one-electron R h^/R h^ couples for each complex 
in Table 5.4, the cathodic waves appeared to involve one-electron processes, the exceptions 
being (Ph4As)[Rh(C8doH)2(Cl)2], [Rh(C8doH)2(Cl)(PPh3)] and [Rh(dmgH)2(Cl)(PPh3)]. In 
these three cases the voltammograms suggested an irreversible two-electron couple followed by 
a fast chemical reaction giving rise to a reversible daughter peak located +0.73 V positive of the 
reduction for the dichloride complex and +0.6 V for the chlorophosphino complexes. The 
appearance of a daughter wave (ECE process) after the irreversible reduction is illustrated in 
Figure 5.7 for [Rh(C8doH)2(Cl)(PPh3)]. (It may be noted that the capacity for a-dioxime 
ligands to undergo exhaustive reduction in aqueous media has been a much discussed topic in 
the literature with regard to the mechanism of reduction of dimethylglyoxime in the presence of 
metals ions such as copper, nickel and cobalt - a technique widely utilised for the determination 
of trace concentrations of these elements by both polarographic and adsorptive stripping 
voltammetric methods. However, comparison of the electrochemistry of the C8doH' complexes 
with the dmgH‘ compounds leads us to believe that the reductions of our ligand systems in 
aprotic media are not complicated by hydrogenation reactions of the ligand.44)
In the cases of [Rh(C8d o H ) 2( C l ) 2]-, [Rh(C8d o H ) 2( C l ) ( P P h 3)] and 
[Rh(dmgH)2(Cl)(PPh3)], the waves attributed to the daughter products were seen to grow if the 
potential was held for a few seconds just beyond the reduction potential of the respective 
complexes. This phenomenon is consistent with the observations of Kljuev et al. during their 
polarographic studies of [Rh(dmgH)2Cl2]" (described in §5.4.4).14 Like these workers, and 
strengthened by our knowledge that the oxidation was a one-electron step, we provisionally 
assigned the two-electron reduction to a R h™  couple (presumably with the loss of one or more 
axial chloride ligands), followed possibly by the generation of the Rh11 oxidation state on the
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reverse scan. It was thought that the oxidative daughter wave could be due to [RhI(PR3)(N4)]1_ 
or [RhICl(N4)]2_ as appropriate, or to [RhI(N4)]1*. Alternatively, we might have been detecting 
dimeric [Rhn(N4)2(PPh3)]2 formed by interaction of electrogenerated Rh1 with Rhm . (If a Rh1 
species were generated, then subsequent oxidation to coordinatively-unsaturated Rh11 should 
prompt dimerisation.)
+1.5 +1.0 +0.5 0 -0.5 -1.0 -1.5 -2.0
E (Volts)
Figure 5.7 Cyclic voltammogram o f [Rh(CsdoH)2(C l)(PPhs)] in CH2 CI2/O.5  M 
[nBu4N][BF4] at 20°C illustrating the observation o f a daughter product at fast scan rates after 
the reduction wave, and the quasi-rev ersible nature o f this process. (The reduction is believed 
to be a 2-electron step, see text.) Scan rate 500 m Vs'f
* = not present in a initial scan from 0 to +1 V.
To provide additional insight into the nature of these changes, we turned to 
spectroelectrochemical investigations of the rhodium and iridium complexes. These studies are 
detailed in §5.4.
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5.4 SPECTROELECTROCHEMISTRY OF THE RHODIUM AND IRIDIUM
a-DlOXIMATO COMPOUNDS
5.4.1 Electronic Spectral Characterisation of the Rhodium and Iridium 
Oxidised Species
Oxidation of the rhodium and iridium a-dioximato complexes to form the formally 
species was achieved electrochemically in the optically transparent thin-layer electrode (OTTLE) 
cell in a UV/VIS/near-IR spectrophotometer. These reactions were carried out in non-aqueous 
media at -50°C, as described in the general experimental chapter - Chapter 2. This allowed the 
UV/VIS/near-IR spectra to be monitored continuously as the oxidation progressed. The spectral 
data for the d6 parent complexes (including the Ru11 analogues) were listed in Table 5.5 while 
the data for all the one-electron oxidised products are given in Table 5.6. The molar extinction 
coefficients, e, of the absorption bands for both the oxidised (and reduced) species were 
estimated to within 10% by comparison of their intensities with that of a band of known 8 in the 
respective parent complexes. The bands of the Cg and C12 electrolysis products consistently 
appeared more intense than in the case of the parallel Rhni-dmgfT products, often by two to 
three times, possibly due to the more massive ligands damping vibronic displacement in the 
excited state. The extinction coefficients of the iridium monomers were also larger than their 
rhodium counterparts as frequently found for 5dn vs 4dn chromophores.
For the closed-shell Mm complexes, the threshold for intense absorption is a broad peak 
or shoulder near 28 000 cm-1 preceded by an apparently featureless visible-near-UV region. (A 
weaker multiplet prefaces the leading band in the 5d6 derivatives. This satellite band near 
22 000 cm-1 is presumably enabled by spin-orbit coupling in the heavier element (the same 
effect is seen for [Pt(acac)2], compared to [Pd(acac)2]).45
As a matter of routine, the Rhni/Irni solutions were oxidised to the "M1^ " state and then 
the potential was reset to regenerate the starting spectrum, as an absolute quantitative test of 
chemical reversibility. As anticipated from the cyclic voltammetry, the first oxidations were 
indeed chemically reversible. In fact, at -50°C solutions of the MIV species proved to be quite 
robust and it was possible to cycle between the starting and oxidised spectra repeatedly with 
little or no loss of initial band intensity. The spectral progressions for the oxidation of 
[Rh(C8doH)2Cl23- and [Ir(CgdoH)2Cl2]- in 0.5 M ["Bu4N][BF4]/CH2Cl2 at +1.1 V and +1.0 
V, respectively, are shown in Figures 5.8 and 5.9, while the oxidation of 
[Rh(CgdoH)2(Cl)(PPh3)] at +1.35 V is illustrated in Figure 5.10(a). For comparison of the 
rhodium and iridium chelates, the dichloride complexes were the best behaved, giving rise to 
very well-defined spectra in each case. These will therefore be considered in depth, as a starting 
point.
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C om plex Band Position v / c n r 1 (e /m o H lcm -1)
[R h (d m g H )2(C l)(P P h 3)] 27 500(sh), 36 816(22  870)
[Ph4A s] [R h (C 8d o H )2C l2] 27 5 0 0 (1 2 9 0 ) , 32  5 0 0 (s h ) ,  34  8 0 0 (4 9 0 0 ) ,
N a [R h (C 8d o H )2B r2] 26 000(sh ), 31 000 (sh ), 40  500(29  150)
[R h (C 8d o H )2(C l)(P P h 3)] 23 500(sh ), 27 50 0 (1 6 3 0 ), 31 250  (sh), 
36  9 0 0 (2 7  6 8 0 )
[R h (C 8d o H )2(C l)(A sP h 3)] 27 500(sh), 31 250(sh ), 37 200(29  260)
[R h (C 8d o H )2(C l)(P E t3)] 26 250(sh ), 34 800(8520)
[R h (C 8d o H )2(P E t3)2][C F 3S 0 3] 27 500(sh), 36 0 0 0 (5 1 7 0 ), 41 500(10  270)
[R h(C 8d o H )2(C l)(py)] 26 670(sh ), 30 000 (sh ), 35 5 0 0(8160)
[R h (C 8d o H )2(py )2][C F 3S 0 3] 26 670(sh ), 30 8 88(5170), 35 4 7 5 (1 0  270)
H [R h(C  12d o H )2C l2] 26 670(sh ), 31 4 8 5 (8 3 3 0 ), 35 765(sh )
[P h 4 A s][lr(C 8doH )2C l2]
H H  g |  | g  ® g  , % s 1  < -  _
21 3 0 0 (1 3 3 5 ), 2 2  4 1 9 (1 3 8 0 ), 2 6  2 9 0 (sh ), 2 6  4 5 1 (sh ), 
29 6 7 7 (4 6 0 0 ), 32 741 (sh ), 34 0 3 2 (6 4 4 0 )
[Ir(C 8d o H )2(C l)(P P h 3)] 24  0 0 0 (1 6 0 0 ) , 33 9 0 0 (1 4  5 5 0 ), 36  5 0 0 (1 5  7 0 0 ), 
37 7 0 0 (1 6  0 5 0 ), 43  5 0 0 (sh )
[Ir(C 8d o H )2 (p y )2 ][C F 3S 0 3 ] 23 3 8 7 (sh ), 2 4  5 9 7 (sh ), 25  7 2 6 (sh ) , 32  4 0 0 (7 7 0 0 ), 
34 6 7 7 (sh ), 38 0 6 5 (sh ), 38 9 5 2 (1 3  580)
[R u (d m g H )2(P P h 3)2] 27 2 50(3000), 32 500(sh ), 35 2 5 0 (sh ), 39 000  
(2 0  0 0 0 )
[R u (C 8d o H )2(P P h 3)2] 26 300 (4000) 32 0 00(sh ), 38 200(20  000)
[R u(C  12d o H )2(P P h 3)2] 25 7 00(4500), 32 OOO(sh), 36 4 0 0 (2 6  100)
Table 5.5 UV-Visible spectral data for the Rh111 or Ir111 , and Ru11 parent complexes recorded 
in CH2 CI2 at 20°C.
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Figure 5.10 Spectral progressions upon oxidation o f (a) [Rh(CsdoH)2(Cl)(PPh3)] (+1.35 V) 
and (b) [Rh(dmgH)2(Cl)(PPh3)] (+1.4 V) in 0.5 M [nBu4N][BF4]/CH2Cl2 at -50°C.
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The oxidation of (Ph4As)[Rh(CgdoH)2Cl2] and [nBu4N][Ir(CgdoH)2Cl2] result in 
attractive spectral progressions. The other Rhni dioximates behave equally well. Although the 
spectra of the oxidised Rh and Ir dichloride compounds appear at first glance to be quite 
different, close inspection shows that a number of correlations can be made between the 
formally ‘RhIV’ and ‘IrIV’ species. Electrolysis of [Rh(CgdoH)2Cl2]' and [Ir(CgdoH)2Cl2]' (at 
+1.1 V and +1.0 V, respectively) results in the growth of absorption bands in the 15-16 000 
and 20 000 cm-1 regions, and the M111 features initially present between 30-35 000 cm-1 are 
replaced by stronger absorption bands. In the oxidised species, the 15-16 000 cm '1 bands 
exhibit very noticeable vibronic structure. The intense well-defined band at ca. 20 000 cm'1 is, 
if anything, slightly red-shifted for [Ir(CgdoH)2Cl2], and is also more structured (apparently 
split) than the analogous symmetric band in the spectrum of oxidised [Rh(CgdoH)2Cl2]'. The 
broad absorption in the 25-30 000 cm*1 region is more pronounced in the iridium species, but 
the same features are essentially present in the rhodium spectrum. The shoulder present at 
27 500 cm-1 in the [RfKCgdoH^C^]1" system persists in the spectrum of the final oxidised Rh 
product. Absorption bands in the 33-35 000 cm-1 region which give way to broad shoulders 
during the course of electrolysis are present for both complexes. The additional bands in the 
far-UV of the rhodium experiment are due to the presence of the counterion [Ph4As]+ (replaced 
by transparent [Bu4N]+ in the Ir counterpart).
Thus, the spectra of neutral, electrogenerated [Rh(CgdoH)2Cl2] and [Ir(CgdoH)2Cl2] 
complexes have much in common. This suggests a shared molecular orbital scheme for both, 
even after removal of an electron. It therefore appears that rather than constituting true MIV 
species in each case, the products are essentially still Rhm and Irm species, in association with 
an oxidised bis-ligand radical monoanion. Excitation within the n—>n* ligand framework of the 
conjugated di-imine would explain the vibronic structure observed in the 15-16 000 cm*1 region 
for both systems. In our view, the additional splitting and slight red-shifting of the ca. 20 000 
cm*1 feature for [Ir(CgdoH)2Cl2] reflects incorporation of a degree of metal character 
accompanied by enhanced spin-orbit coupling. Thus, although the voltammetric data are not 
greatly different between the two systems, consistent with ligand-centred oxidation, 
spectroscopic evidence does point to the oxidation product being somewhat more electron- 
delocalised for [Ir(CgdoH)2Cl2] compared to the structurally-related [Rh(C8doH)2Cl2] complex. 
In essence, we regard the oxidised rhodium and iridium species to be essentially resonance- 
stabilised ligand radicals, albeit with greater metal-mixing in the oxidised iridium complex. It is 
very valuable to have the dioximate ligand oxidation potential defined in this way, as ca. 0.8 V, 
for a pair of coplanar ligands arranged in the pseudo-macrocyclic fashion on a fra«s,-{MinCl2}+ 
framework.
Reassuringly, oxidation of the neutral Rh111 and Ir111 compounds where one of the 
chloride ligands has been substituted by PPh3, AsPhß, PEt3 or py, results in spectra that are 
very similar to the dichloride spectra discussed above. These species have even less chance of 
arising from metal-centred oxidations than the dichlorides. This assertion follows from the
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knowledge that the notional M111^  oxidation is likely to be displaced by 0.6 V or more by such 
substitution.42 The oxidised spectra all exhibit the vibronic structure in the 15-16 000 cm' 1 
region as previously described. This is particularly evident in oxidative spectroelectrochemistry 
of [Rh(CgdoH)2(Cl)(PPh3)], shown in Figure 5.10(a). There is also noticeable splitting of the 
major absorption feature which appears at 20 000 cm*1. Empirically speaking, the additional 
band must be caused by substitution of one axial Cl by PPI13. The more intense peak at 22 500 
cm-1 is flanked by a slightly less intense band at approximately 19 500 cm '1. The relative 
splitting and intensity ratios of the bands vary with the substituted axial ligand, being the closest 
in intensity for [Rh(CgdoH)2(Cl)(PPh3)]+ while the lower frequency band decreases in intensity 
for the other oxidised spectra until for [Rh(CgdoH)2(Cl)(py)]+ it is only a weak shoulder on 
the ~ 22 000 cm' 1 band. For the bis-PEt3 substituted complex, the two bands are the most 
separated of any of the oxidised compounds; this seems to show that loss of symmetry is not the 
source of the splitting. Similar effects are seen upon replacement of an axial chloride in 
[nBu4N][Ir(CgdoH)2Cl2], although only mono-substituted iridium complexes were studied. 
Bulk oxidation of the iridium chelates was sluggish compared to the Rhm complexes for reasons 
that are not known, although the use of CH3CN in place of CH2CI2 did facilitate the anodic 
processes.
In contrast to the many sparingly-soluble dmgH* complexes (especially those of the 
nickel triad), the high solubility of [Rh(dmgH)2(Cl)(PPh3)] in organic solvents allowed 
comparative spectroelectrochemical studies on this complex and its CgdoH- analogue, 
[Rh(CgdoH)2(Cl)(PPh3)]. The yellow closed-shell Rhm complex has a featureless visible 
spectrum, as already noted. Oxidation of the neutral dmgH' complex in CH2CI2 produced an 
equally spectacular UV-visible spectrum almost identical to that of oxidised 
[Rh(CgdoH)2(Cl)(PPh3)], some variation in band intensities, notwithstanding. This is 
illustrated in Figure 5.10(b) where the spectral progression upon oxidation has been placed 
under that of [Rh(CgdoH)2(Cl)(PPh3)] for direct comparison. (Note that the frequency scales 
of these spectra are not aligned in the figure.)
Finally, it is worth noting that no couple embodying generation of an absolutely innocent 
dioxime radical, such as, for example, [Zn(diox)2]+/\  is known to date. In the absence of 
such, characterisation of the [Rhm (diox)2]+/* system is a very valuable result, especially given 
the confirmatory EPR evidence of its nature (see below).
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5.4.2 EPR Measurements of the Oxidised Rhodium and Iridium Compounds
5.4.2.1 Introduction
It is not possible to define the intimate nature of a change in oxidation state (e.g., metal- 
centred or ligand-centred) with certainty using voltammetry alone. Some form of spectroscopy 
is needed to investigate the electronic structure of the electrode products, and this explains the 
attention given to the UV/VIS spectra above. In the present case, EPR measurements, which 
provide a sensitive probe of molecular symmetry, electronic configuration and bond type within 
a paramagnetic species, were also carried out on the oxidised complexes [Rh(C8doH)2Cl2], 
[Rh(C8doH)2(Cl)(PPh3)]+ and [Ir(C8doH)2Cl2]. Each of these formally MIV species was 
generated by bulk electrochemical oxidation of the starting complexes at low temperature in 
0.5 M [nBu4N][BF4]/CH2Cl2 at a potential approximately 200 mV beyond E \/20X for the 
respective complexes. The general experimental setup for the bulk electrolysis experiments is 
described in §2.4.5. Upon completion of bulk oxidative electrolysis of approximately 60 mg of 
compound (taking of the order of four hours for each experiment), samples of the 
electrogenerated species were transferred using a gas-tight syringe to N2(g)-purged EPR tubes 
which were then quickly chilled to low temperature using liquid nitrogen. A sample was also 
transferred each time to a suitable optical cell and the electronic spectrum of the electrolysed 
product was recorded. This confirmed that the same species as that produced in situ in the 
OTTLE experiment had been generated. For each of the three complexes, coulometric 
measurements confirmed the n = 1 proposal, i.e., that the oxidations were mono-electronic. 
The colour of both formally ’RhIV' species was a deep forest green, while the bulk oxidised 
iridium solution was khaki-green in colour.
5.4.2.2 Results and Discussion
EPR spectra of the oxidised derivatives of [Rh(C8d o H ) 2 C l2 ] ' and 
[Rh(C8doH)2(Cl)(PPh3)] are shown in Figures 5.11 (a) and (b), respectively. The EPR 
measurements on the formally ‘RhIV’ systems both gave rise to spectra exhibiting very sharp 
signals with g values near the free electron value of 2.0023 (The zero crossing point “g” 
corresponds to 2.02 for both spectra.) There is also evidence of structure which may be 
attributed to g anisotropy, and hyperfme couplings of the unpaired electron to the 14N nitrogen 
nuclei, and possibly to 103Rh as well. The g values are much closer to 2 than is usual for d5 (S 
= 1/2) metal ions from this part of the periodic table such as Rhiv . This is to be expected if 
effective mixing of the rhodium and dioximato ligand orbitals is occurring, sufficient to quench 
the orbital angular momentum of the unpaired electrons of the systems in question, i.e., 
delocalisation between the metal and ligand is well-advanced in the singly-occupied frontier 
orbital.
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Figure 5.11 EPR spectra of the oxidised forms of (a) (Ph4As)[Rh(CsdoH)2Cl2] (gn  = 
2.025, g22 = 2.020 and gss = 2.016 ± 0.003), and (b) [Rh(CsdoH)2(Cl)(PPh3)] (gu -  2.024, 
g22 -  2.017 and gs3 = 2.013 ±  0.003). Conditions: (a) 11 K, modulation amplitude 3 G, 
frequency = 8.98948 GHz, power = 270 pW; (b) 32 K, modulation amplitude 0.3 G, 
frequency = 8.9823 GHz, power - 2 7  mW.
The EPR spectrum of electrogenerated [Ir(C8doH)2Cl2]° is shown in Figure 5.12. The 
g values (assigned by inspection since the spectra were not digitised) correspond to g u  -  
2.073, g22 = 2.045 and g33 = 2.013 (estimated errors ± 0.003), where g u , g22 and #33 are the 
principal elements of the g matrix. Despite the spectrum showing enhanced g anisotropy by a 
factor of approximately 5 compared to the exact Rh analogue depicted in Figure 5.11(a), the g 
values once again cover a very narrow range when compared to other iridium complexes of this 
spin system, i.e., S = 1/2.46 As discussed above, this indicates significant delocalisation within 
the oxidised [Ir(CgdoH)2Cl2]° product. Two possible scenarios can be invoked. In the first 
case, oxidation is envisaged to have occurred at the metal giving rise to essentially MIV d5 
complexes with some M/L delocalisation. Alternatively, an electron has been removed from the 
bis-ligand pseudo-macrocycle so that the oxidised material is best described as an oxidised
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ligand radical, but stabilised by the embedded Rhm or Irm cation. The latter picture is the one 
favoured by the voltammetric and spectroelectrochemical experiments described in §5.3 and 
§5.4.1. It is also supported by the apparent contrast of these spectra to literature EPR 
measurements with d5 ions in a strong crystal field.46 All such reports tend to suggest that the 
criteria for the t2g5 configuration in an octahedral field requires one of the g values to be less 
than 2.00, while the other values are greater than 2.00. This is clearly not the situation here. 
Thus, despite the undoubted imprint of Rh or Ir character, the EPR spectra are consistent with 
the picture of a mainly ligand-centred oxidation. Although it is not possible to define the ratio of 
metal to ligand character in each complex from these experiments, it would appear that more 
metal influence is seen in the EPR spectrum of [Ir(C8doH)2Cl2] than in its rhodium analogue (as 
expected).
Figure 5.12 EPR spectrum of electrogenerated [Ir(C^doH)2Cl2]' (S = 1/2; g jj = 2.073, g22 
= 2.045 and gs3 = 2.013 ±0.03) : Conditions, (a) 130 K, modulation amplitude 3 G, frequency 
= 9.2457 GHz, power -  8.5 mW.
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5.4.3 Electronic Spectral Characterisation o f the Rhodium and Iridium 
Reduced Species
The spectral data for the reduced rhodium and iridium species are listed in Table 5.7. 
Reduction of the iridium complexes proved difficult, very sluggish and (to date) uninformative, 
requiring potentials well beyond -1.5 V before any noticeable changes occurred in the UV/VIS 
spectra. This was the case whether the reduction was carried out in CH2CI2 or CH3CN. As an 
example, the electrolysis of [Ir(CgdoH)2(Cl)(PPh3)] at -1.9 V in CH3CN resulted in a 
broadening of the bands in the UV region of the spectrum, accompanied by an increase in 
intensity of these absorbances, as well as an increase in intensity of the band at 22 000 cm-1.
By contrast, reduction of all the rhodium complexes was possible, although found to be 
sluggish for [Rh(dmgH)2(Cl)(PPh3)] and [Rh(C8doH)2(Cl)(PPh3)]. The spectra generated for 
these two complexes in CH2CI2 were similar in appearance. However, these early experiments 
in CH2CI2 yielded variable and irreversible progressions. The sensitivity of reduced rhodium
1 n
species to halogenated solvents has often been documented, and so CH3CN was used 
subsequently in preference to CH2CI2. Our investigation centred initially on reduction of 
[Rh(dmgH)2(Cl)(PPh3)] and [Rh(CgdoH)2(Cl)(PPh3)], given our quest for a Rhn-Rhn dimeric 
species as directly analogous to the Ptm metal-metal bonded dimers, and the clear evidence of an 
ECE mechanism# in the voltammetry described in §5.5.2.
The electrogenerative experiments on [Rh(dm gH)2 ( C l ) ( P P h 3)] and 
[Rh(C8doH)2(Cl)(PPh3)] in CH3CN comprised two stages, with the resulting spectra being 
very similar for both compounds. The spectral progression for reduction of 
[Rh(dmgH)2(Cl)(PPh3)] at -1.35 V (CH3CN) is shown in Figure 5.13(a), while that for 
[Rh(C8doH)2(Cl)(PPh3)] is illustrated in Figure 5.14(a). In both cases, there appears to be a 
mixture of two reduction products, A and B. The bands belonging to the transient species are to 
be found at ~18 500 cm' 1 (A) and 21 600 cm-1 (B), respectively. A is possibly slower to appear 
(especially in the drngH' system), but is eventually comparable in height to B. Band B has a 
shoulder at approximately 22 000 cm-1 which is much more prominent in the dmgH' complex. 
This shoulder appears to have vibronic character so that it is likely that the band due to B is more 
structured than that arising from A (rather than yet another independent band being present).
Figures 5.13(b) and 5.14(b) reveal the result of returning the potential to less negative 
potential: ca. -0.5 V. This is the second stage of electrolysis referred to above. In both cases 
immediate growth occurs in the shoulder at 22 000 cm-1 to give a very intense absorption band 
at 21 500 cm_1 for the CsdoH- complex and 22 100 cm ' 1 for the dmgH* compound. As 
explained below, this band is indicative/diagnostic of the presence of the Rhn-Rhn dimer 
generated in situ. Minutes later, the absorption maximum for the new CsdoH* species
# ECE mechanism: heterogeneous electron transfer, homogenous chemical reaction, and heterogeneous electron 
transfer, in sequence.
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unexpectedly collapses again to approximately one-third of its initial intensity. This is due to the 
product separating from solution rather than its being unstable (see below). The analogous band 
for the dmgH* complex persists indefinitely and undiminished at this potential. It is possible to 
repeat the sequence of events depicted in Figures 5.13 and 5.14 during the course of the same 
experiment, and although there is little or no loss of intensity in the '(a)-stage, RhI(?)’ spectra 
obtained each time, the intensity of the 22 000 cm-1 bands in the ‘(b)-stage, Rhn (?)’ spectra 
decrease with each cycle. This is particularly true for the reduction of [Rh(CgdoH)2(Cl)(PPh3)] 
where the band is reduced in height by approximately one-third (each time) between the first and 
subsequent cycles. On dismantling the cell just after the partial re-oxidation (stage (b)) there is 
evidence of a red solid having separated out in the quartz cuvette.
Having cycled the applied potential several times between -1.5 V and -0.5 V, it is still 
possible to exhaustively oxidise the solutions at approximately +1.3 V (presumably 
Rh111—>RhIV) although the spectra at -0.5 V are observed initially to collapse between 
approximately 0 and +0.5 V (presumably associated with {Rh11^ —>Rhm). The oxidations are 
sluggish in both cases with the resulting spectra being very reminiscent of, but not the same as, 
the spectra resulting from anodic oxidation of these complexes alone, as discussed in §5.4.1 (a 
final spectrum unmistakingly reminiscent of the formally 'RhIV' spectra shown in Figures 5.8 
and 5.10 is obtained). At this point the spectral changes become irreversible.
The other rhodium monomers which were reduced spectroelectrochemically were 
[Rh(CgdoH)2(Cl)(AsPh3)] and [Rh(CgdoH)2(Cl)(py)]. These produced spectra similar to the 
those resulting from the first stage of reduction of the PPI13 compounds. The spectral 
progressions are shown in Figures 5.15(a) and 5.15(b), respectively, with a main band 
appearing at ~20 200 cm-1, a blue-edge shoulder to this at ~21 500 cm-1 (more pronounced in 
the AsPh3 case), and bands lower in energy between 18-13 000 cm-1. The latter are strikingly 
reminiscent of (but not the same as) the bands exhibiting pronounced vibronic character in the 
formally R h ^  species (see Figures 5.8 and 5.10). The spectra of the final AsPh3 and pyridine 
products are obviously analogous despite the fact that the reductions were carried out in different 
solvents. This is reassuring because it means that reduction of the AsPh3 complex in CH2CI2 
has not induced solvent participation (as it might have done). Both sets of reductions were 
reversible and neither compounds showed signs of dimerisation upon re-oxidation as is 
proposed to occur in the [Rh(diox)2(Cl)(PPh3)] systems. It should be noted that the isosbestic 
point at 25 600 cm-1 in the reduction of [Rh(CgdoH)2(Cl)(py)] (Figure 5.15(b)) was not present 
on the first cycle on the only occasion we have performed this experiment. However, the 
potential required to perform the reduction a second time was the same (-1.3 V), and thus the 
compound was probably still intact. Thereafter the isosbestic point shown in Figure 5.15(b) 
was conserved, as were all isosbestic points throughout the reduction and re-oxidation of 
[Rh(CgdoH)2(Cl)(AsPh3)]. These elegant progressions might represent the generation of 
monomeric Rh11 as suggested by the voltammetry, or of Rh1 given the different timescale 
prevailing under bulk electrolysis conditions. This unresolved issue is taken up in the
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Figure 5.13 Spectral progression upon reduction o f [Rh(dmgH)2(Cl)(PPhj)] in 0.1 M 
[nBu4N][BF4]/CHjCN at -50°C. (a) First stage of reduction: V = -1.35 V; (b) Second stage 
partial re-oxidation: V = -0.5 V. Note vertical compression of the Y-axis by a factor of 4 in (b).
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Figure 5.14 Spectral progression upon reduction o f [Rh(CsdoH)2(Cl)(PPhs)] in 0.1 M  
[nBu4N][BF4]/CHsCN at -50°C. (a) First stage o f reduction: V =  -1.5 V; (b) Second stage 
partial re-oxidation: V =  -0.5 V. Note vertical scale conserved. In Figures 5.13 and 5.14 the 
asterisked trace o f (b) follows immediately after the final trace of (a).
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Figure 5.15 Spectral progression upon reduction o f (a) [Rh(CsdoH)2(Cl)(AsPh3)] in 0.5 M  
[nB u 4N ] [B F 4] /C H 2C l2 at -1.3 V, -50°C; (b) [Rh(C8d o H )2(Cl)(py)] in 0.1 M
[nBu4N][BF4]/CH3CN at -1.5 V, -30°C (second cycle).
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discussion to follow.
Attempts were also made to reduce the mono- and bis-substituted PEt3 rhodium(III) 
complexes in CH3CN. Curiously these complexes were quite difficult (sluggish) to reduce, 
both giving rise to broad absorption bands around 16 500 cm '1.
5.4.4 Discussion
Few electrochemical studies on the rhodoximes have been reported in literature and those 
that have focus mainly on establishing the nature of the catalytically active rhodium complex in 
hydrogenation and reductive amination reactions.28,47' 49 Results have centred largely around 
detailed kinetic studies of the catalysis of the reduction of [RhmdrngH*] complexes (in particular 
[Rh(dmgH)(dmgH2)Cl2]) to rhodium(I) in alkaline aqueous ethanolic media.15
In 1978, Kljuev et al. reported an electrochemical investigation of the reduction path of 
H[Rhni(dmgH)2Cl2] and compared this to the reduction of the structurally-related complexes 
[Rhn i(dmgH)2(Cl)(PPh3)] and [Rhni(dmgH)2(PPh3)]2-14 Polarographie measurements in 
DMF revealed only one well-defined (two-electron) reduction wave for each of the three 
complexes with £ 1/2 = -0.87, -1.23 and -1.34 V vs SCE, respectively. Conflicting results 
regarding the number of electrons involved in the reduction of the Rhm and Rh11 complexes 
were obtained from the voltammetric and coulometric data, however (i.e., whether the reduction 
processes were one-electron or two-electron processes), and the contradiction was resolved in 
the case of the Rhm-dichloride compound by proposing an irreversible chemical reaction in the 
bulk solution following the electrode process to produce Rh11 dimeric species - summarised by 
equations (5.1) and (5.2), respectively.
[Rhln(dmgH)2Cl2r ---------- — -------[Rh'(dmgH)2]' + 2C1'
equation (5.1)
[RhI(dmgH)2]' + [Rhm(dmgH)2Cl2] ' --------------------- ► [Rhn(dmgH)2]2 + 2 0 '
equation (5.2)
After bulk electroreduction, all the chloride from the initial [Rhm(dmgH)2Cl2]' complex 
was present in solution as free CP and this was taken as indirect confirmation of the above 
sequence of events. Logically however, the presence of CP in the final solution is inevitable if 
{Rhn }2 is formed and says nothing of mechanism. Likewise, it was considered significant that 
the rhodium-bearing reduction product of H[Rhin(dmgH)2Cl2] was found not to contain any 
chlorine . 14 In a closely related study (although not electrochemical) involving kinetic
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investigation of the reduction of [Rh(dmgH)(dmgH2)Cl2] in alkaline aqueous ethanol Miller et 
al. had already reported chloride to be present in the reduced product only as an impurity.15 
These workers noted that when [Rh(dmgH)(dmgH2)Cl2] was warmed in ethanolic solution 
under N2(g) and 0.5 M sodium hydroxide solution was added, reduction occurred resulting in a 
dark blue solution with visible absorption peaks at 17 391 cm '1 (e 6701 mol-1 cm-1) and 21 834 
cm-1 (e 7060 1 mol'1 cm'1). This product was found to have the same UV-visible spectrum as 
that arising from NaBR* reduction of [Rh(dmgH)(dmgH2)Cl2]. These results were interpreted 
by proposing that in aqueous ethanol containing an excess of base, the compound 
[Rh(dmgH)(dmgH2)Cl2] dissolved as anionic [Rh(dmgH)2Cl2]', which was subsequently 
reduced to a Rh1 complex, proposed to be [Rh(dmgH)2]‘, in solution. A chloro-bridged dimeric 
rhodium(II) species derived from a Rhin and Rh1 complex ([Cl(dmgH)2Rh-Cl-Rh(dmgH)2]2') 
was suggested as a possible intermediate, since transient red streaks were observed within the 
solution before the colour changed to blue (however, no strong evidence was presented 
supporting this proposition and there seems no reason why the red streaks should not be due to 
a N4 RhII-Rh1IN 4 species, with or without halide caps, thus preserving the Mn -M n 
Chromophore). The active reductant in this system was believed to be ethanol. Thus:
[Rhm(dmgH)2Cl2r + CH3CH2OH
± 2e*, 2H+
------- ^  [Rh^dmgH),]-
alkali (blue)
+ 2HC1 + CH3CHO
equation (5.3 (a))
[Rh^dmgHjJ + [Rhm(dmgH)2Cl2r ------- ► [Rhn(dmgH)2Cl]22
(red transient)
equation (5.3 (b))
Although Kljuev et al. compared the reduction potential of H[Rhm (dmgH)2Cl2] with 
those of [Rhm(dmgH)2(Cl)(PPh3)] and [Rhn(dmgH)2(PPh3)]2, no explanation of the observed 
reductive chemistry of the latter two phosphine complexes was given. Likewise Moszner et 
al,50 have made reference to the electrochemistry of [Rh(dmgH)2(Cl)(PPh3)J quoting 
unpublished results from Tavagnacco et a/.51 In this case the voltammetric reduction wave was 
described as mono-electronic (in conflict with Kljuev) and as always followed by a coupled 
chemical reaction giving rise to the formation of a Rh11 dimer. Unfortunately, the reference 
system was not stated, and the reduction potential quoted was some 0.23 V earlier than the value 
for the same compound listed by Kljuev et al., and nearly 0.4 V earlier than the results vs 
Ag/AgCl for the [Rh(dmgH)2(Cl)(PPh3)] and [Rh(C8doH)2(Cl)(PPh3)] complexes determined 
in this work.
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Despite not fully detailing the electrochemical behaviour of the mono-PPh3 substituted 
Rhm complex, Moszner et al. have described the voltammetry of the related bis-phosphine 
complex, [RhI][I(dm gH )2 (P Ph3 )2](C 1 0 4 ) .50 In their account, the polarography of 
[Rh(dmgH)2(PPh3)2](C104) in DMF gave rise to three one-electron reduction waves; the first 
was assigned to the reduction of Rhin to Rh11 (£4/2 = -0.6 V) and was observed to be quasi- 
reversible followed by a maximum attributed to adsorption phenomena; the second 
(electrochemically reversible) wave was designated the reduction of Rh11 to Rh1 (£ 1/2 = -1.47 
V); the third wave, also electrochemically reversible, was not assigned. Cyclic voltammetry at a 
stationary Hg electrode also revealed three cathodic peaks which were assigned as mono- 
electronic. The first two reductions were presumed to be followed by fast chemical reactions as 
they showed no anodic counterpart at scan rates of up to 1000 Vs' 1 on the hanging Hg drop. 
The first reduction described by Moszner et al. is improbably early compared to any other 
reports on the voltammetry of Rhm-dmgH‘ complexes, including our own work, but it must be 
noted that not only was the polarography carried out in DMF (compared to CH2CI2 and/or 
CH 3CN employed in our experiments), but both this and the cyclic voltammetry were 
complicated by adsorption phenomena. Thus their account of the observed electrochemistry of 
[Rh(dmgH)2(PPh3)2]+ is, in our opinion, irrelevant and unconvincing.
The only other report uncovered to date on the electrochemistry of rhodium oxime 
compounds involves the interesting complex [Rh(dmgH)2(Hbdio)(PEt3)2]+.34 Dreos et al. 
reported that the polarographic and cyclic voltam m etric reduction of 
[Rh(dmgH)2(Hbdio)(PEt3)2]+ in both CH3CN and DMSO revealed three mono-electronic 
processes, the third of which was not further investigated. However, the first irreversible 
reduction was believed to entail an EC mechanism (one-electron addition followed by expulsion 
of one PEt3 ligand), with the Rh1 species obtained by the second reduction apparently reacting in 
a diffusion-limited fashion with the Rh111 starting compound to give a Rhn species. Despite the 
presence of one imino donor group (in place of the fourth iminato nitrogen), this complex may 
be a model for the reductive behaviour of our Rhm monomers.
It remains to reconcile our own observations with the more reliable of the literature 
reports. During the two stages of electrolysis of the Rhm monomers, we observe three bands 
which are labelled A, B and C in Figures 5.13 and 5.14. The bands marked A and B appear 
initially with the applied potential at —1.4 V, giving way to the more intense band C upon re­
oxidation at -0.5 V. Upon re-reduction of the two systems, band C appears to collapse back to 
A and B. There can be no doubt regarding the identity of the strong unstructured 22 000 cm*1 
band (C) which several groups agree represents the PPh3-capped "{Rhn }2" dimer. 16,21,22
Assigning the absorptions representing species A and B is more problematic, however. 
These bands, A and B, tend to occur together and might have been assigned to one transient 
species except that their relative intensity seems to change from cycle to cycle, and between the 
CsdoH* and dmgH* cases. As described, A and B respectively comprise a broad band at
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~18 000 cm-1 and a sharper, more structured band at ~21 600 cm-1. Assignment of band B to a 
true Rh1 species seems reasonable as it agrees with the spectrum of [RhI(dmgH)2(PPh3)]' 
reported by Espenson and coworkers.16 This also coincides with the spectra recorded during 
the course of this work for fully reduced [R h(C gdoH )2 ( C l ) ( A s P h 3 )] and 
[Rh(CgdoH)2(Cl)(py)], which we believe are also assignable as Rh1 species (see below). 
Moreover, it is logical to regard the ‘A + B’ solution as Rh1 (either entirely or effectively), 
because on partial oxidation of this solution it is the Rhn dimer that is unquestionably obtained.
If indeed two species rather than one are formed on reduction of the Rhm complexes at 
-1.4 V, and if band B is in fact Rh1, it remains to identify the source of band A. This could be a 
hydrido version of Rh1, as discussed by workers including Ramasami et a / .16 and Miller et 
al. 15 Alternatively, the two bands A and B could also reflect 4-coordinate vs 5-coordinate Rh1. 
The PPI13 moiety may well be relatively weakly bound and subject to steric crowding so that an 
equilibrium is set up between a 4-coordinate and a 5-coordinate species, with axial solvation by 
the CH3CN potentially coming into play as well. Such a system could explain why the dmgH* 
and CgdoH- complexes behave slightly differently under similar conditions. Another possibility 
is that a readily reversible oxime-imine interconversion takes place upon reduction giving rise to 
a ‘hbdio’-like complex analogous to that isolated by Dreos et al. and described above.34 
However, it is very noticeable that on cycling between -1.4 V and -0.5 V, the A/B spectra are 
retrieved with unchanged ratio and appearance for both chelate systems. This therefore suggests 
that any equilibrium between two species must be very stable. The invariance of the spectra of 
Figures 5.13(a) and 5.14(a) are perhaps more in line with the alternate explanation that the two 
bands A and B are, in fact, due to only one species, and that the differences between the dmgH* 
and CgdoH* cathodic OTTLE progressions are more apparent than real.
Comparison of the spectra achieved from reduction of [Rh(dmgH)2(Cl)(PPh3)] and 
[Rh(CgdoH)2(Cl)(PPh3)] to those of the reduced RhIn-AsPh3 and Rhffl-py monomers (Figures 
5.15(a) and 5.15(b)) reveals distinct similarities between the structured band B and the band 
dominant in the latter that has the same shape and location. The major difference is that the latter 
spectra lack the broad band at ~18 000 cm-1 (attributed to Rh1 by Ramasami et al.16) and 
possess instead a weaker structured band near 15 000 cm '1. Surprisingly, no evidence was 
found of generation of a species *C upon re-oxidation in the vicinity of -0.5 V in either of these 
experiments. This is a remarkable difference, at least for the ASPI13 compound, which might be 
expected to be directly analogous in behaviour to the PPI13 complexes. Ignoring the broad band 
at 18 000 cm*1 these spectra are distinctly reminiscent of the 21 500 cm*1 bands with 
accompanying shoulders seen in Figures 5.13(a) and 5.14(a). We therefore believe that these 
reduced products are best assigned as [RhILN4]2* species. The alternative that we have 
generated a Rhn dimer directly is unlikely as the spectrum is markedly different to that recorded 
for [Rh(dmgH)2(PPh3)]2 . Another possibility is that the products are monomeric Rh11, 
although such species are normally considered highly reactive.22,24 Assignment of the exact 
nature of these products would admittedly benefit from EPR studies after bulk reduction of the
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Rhm-Ph3As and -py monomers. These studies are planned for the future.
Finally, crucial corroborative evidence concerning the proposition that we are generating 
Rh1 in the UV/VIS spectrophotometer prior to formation of the Rhn dimer in situ at -0.5 V is to 
be gleaned from the redox stability range of the preformed [Rhn(dmgH)2(PPh3)]2 complex. As 
will be described in §5.5.2, upon voltammetric examination, the preformed dimer reduces 
irreversibly at -1.6 V, and oxidises irreversibly at +0.4 V (see Figure 5.18). This indicates that 
we are definitely not forming the dimer directly, i.e., via generation and coupling of Rh11 
radicals, but rather that it is formed by generation of Rh1 (thereby presumably expelling axial Cl' 
) followed by re-oxidation at approximately -0.5 V. Once formed in this way, the voltammetry 
suggests that the dimer is stable unless the working electrode is polarised at distinctly positive 
potentials (> +0.4 V), forming Rh111, or at very negative potentials (> -1.6 V), thereby 
reforming the Rh1 solution. Our voltammetric study makes it clear that the ‘Cotton dimer’ falls 
apart on reduction and that a mixed-valence Rh2I/n dioxime dimer does not exist (and neither 
does a Rh2n/nI version). The spectroelectrochemical progressions observed in the OTTLE cell 
are therefore in total agreement with the cyclic voltammetry directly observed for preformed 
[RhII(dmgH)2(PPh3)]2. The three possible ways of obtaining the {Rh11}2-dioxime dimer are 
illustrated in Scheme 5.1 with all evidence thus far indicating a two-electron reduction to Rh1 - 
one-electron partial oxidation to Rh11 sequence, followed by dimerisation to the red 
[Rhn(diox)2(PPh3)]2 dimer.
[Rh (diox)2(Cl)(PPh3)] [Rh (diox)2(PPh3)]
dimerise
+ [Rh (diox)2(Cl)(PPh3)J
dimerise
E = -0.6 V
[Rh (diox)2(PPh3)]' [Rh (diox)2(PPh3)J
Scheme 5.1 The three proposed pathways to the {RhJ12}-(X-dioximato unsupported dimer.
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5.5 SYNTHESIS AND CHARACTERISATION OF [Rh(dmgH)2(PPh3)]2 
5.5.1 Synthesis
The [Rh(dmgH)2(PPh3)]2 dimer was synthesised according to the method of Panov et 
al. by NaBH4 reduction of [Rh(dmgH)2(Cl)(PPh3)] in a 9:1 methanol-water mixture at ~-5°C.28 
This yielded the hydridorhodoxime complex, [HRh(dmgH)2(PPh3)], as a grey/blue precipitate 
which was found to be extremely air sensitive. After the solid was thoroughly washed with 
deaerated H2O, a suspension of [HRh(dmgH)2(PPh3)] in toluene was heated to boiling; the 
reaction mixture rapidly turned dark red. The solvent was removed in vacuo and the solid 
product washed with diethyl ether. It was identified as [Rh(dmgH)2(PPh3)]2 by a variety of 
spectroscopic techniques including the UV/visible spectrum which shows a characteristic intense 
absorption at 22 150 cm-1 as reported on several occasions.16,21,27 The UV/visible spectrum of 
[Rh(dmgH)2(PPh3)]2 recorded in methanol is shown in Figure 5.16.
30 000 20 000 10 000
Wavenumbers, cm'1
Figure 5.16 The UV-visible spectrum of [Rh(dmgH)2(PPh^)]2. Recorded in methanol at 
20 °C.
It is very interesting that the spectrum of what is believed to be the 
bis(dioximato)rhodate(l-) ion was also recorded in the course of an independent attempt to make 
[Rh(dmgH)2(PPh3)]2 via the method of Ramasami et al, 16 In this case a solution of putative 
[ R h ( d m g H ) 2 ( P P h 3 )]- was obtained by the reduction of a methanolic solution of 
[Rh(dmgH)2(Cl)(PPh3)j in the presence of 0.2 M NaOH with a stoichiometric quantity of 
sodium borohydride. The UV-visible spectrum of the purple/grey solid redissolved in degassed 
methanol revealed two absorptions at 18 200 cm-1 and 21 600 cm-1, again in agreement with the
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spectrum attributed to the Rh1 monomer by Ramasami et al.16 This spectrum (as recorded in our 
laboratory) is shown in Figure 5.17. The Rh1 solution thus obtained was found to be very 
sensitive to oxygen and subject to ready decomposition to unknown products, as previously 
noted. Sodium borohydride reduction of [Rh(dmgH)2(Cl)(PPh3)] in the presence of 0.2 M 
NaOH was therefore found to be an extremely difficult and unsatisfactory route to the Rh11- 
dmgH' dimer. Our experience is that reduction to the grey-blue hydrido species without NaOH 
present (as described earlier) is the more reliable way to gain access to the red {Rhn2} dimer.
Finally we note the unmistakable resemblance between this two-band spectrum and the 
spectrum recorded at the Rh1 ‘stage(a)’ phase in our OTTLE work reported earlier (Figure 
5.13).
30 000 20 000 10 000
Wavenumbers, cm'
Figure 5.17 The UV-visible spectrum of putative [RhI(dmgH)2(PPh3)]' obtained by the 
reduction of [Rh(dmgH)2(Cl)(PPh3)J with NaBH.4 in the presence o f 0.2 M  NaOH. Recorded 
in methanol.
5.5.2 Electrochemistry o f the [Rhl l ]2 Dimer
Surprisingly, only sketchy accounts of the voltammetry of this complex have been 
reported, despite its importance and its ready solubility in solvents commonly used for 
electrochemistry such as CH2CI2 and CH3CN. Acetonitrile was chosen as the solvent in the 
present work as the metal-metal bond of [Rh(dmgH)2(PPh3)]2 had previously been reported to 
be highly reactive towards alkyl halides.17
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5.5.2.1 Results
The voltammetric data for [Rh(dmgH)2(PPh3)]2 in 0.1 M [nBu4N][BF4]/CH3CN are 
given in Table 5.4 while Figure 5.18 shows sample voltammograms. An irreversible reduction 
is observed at -1.40 V vs Ag/AgCl which is close to the £ 1/2 value reported by Kljuev et al. for 
the same complex in DMF (-1.34 V vs SCE).14 We find the reduction gives rise to an oxidative 
daughter wave at -0.64 V which is essentially irreversible, although it does show signs of an 
associated return wave at faster scan rates (this could indicate detection of a fleeting Rh11 
monomeric species). Figures 5.18(a) and (c) both therefore show the reductive cleavage and 
oxidative reassembly of dimeric [Rh(dmgH)2(PPh3)]2, as substantiated by the OTTLE work on 
the same {Rhn }2 complex following its in situ formation.
Scanning to positive potentials reveals two irreversible oxidations at approximately +0.4 
and +0.6 V. These appear to be the result of dimer cleavage to form what are presumably five- 
coordinate Rhm monomers. On the wide-range voitammogram (Figure 5.18(c)), which 
portrays the reduction occurring first, the continued observation of the same two oxidations is 
consistent with the belief that the dimer is reformed at -0.6 V on the return scan from -1.5 V. It 
should be remembered that these peaks could also be due to the oxidation of fresh 
[Rh(dmgH)2(PPh3)]2 diffusing in from the bulk solution. However, it is known from the 
OTTLE experiments that the {Rhn }2 dimer does reform from Rl^upon partial oxidation. 
Figure 5.18(c) shows that scanning anodically complicates the return scan in the negative region 
with two new waves appearing at ~ -0.7 and -0.8 V. These are not present in the upper trace 
(Figure 5.18(a)) and therefore presumably illustrate reduction of the Rhm fragments formed at 
+0.4 and +0.6 V. The less negative potential assigned to these presumably Rh111 reductions is 
in accord with the presence of five-coordinate halide-free Rh monomers which should be easier 
to reduce than six-coordinate [Rh(diox)2(Cl)(PPh3)].
Finally, attempts were made to spectroelectrochemically oxidise and reduce 
[Rh(dmgH)2(PPh3)]2 in 0.1 M [nBu4N][BF4]/CH3CN at ~ -30°C, but both experiments were 
found to be difficult and the results unsatisfactory. Nevertheless, the voltammetry recorded here 
supports the spectroelectrochemical observations upon reduction of the [Rh(diox)2(Cl)(PPh3)] 
monomers in the OTTLE cell as discussed in §5.4.3.
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(a)
-0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6
E (Volts)
(b)
+0.4 0 -0.4 -0.8 -1.2 -1.6
£ (Volts)
Figure 5.18 Cyclic voltammograms o f [Rh(dmgH)2 ( PPh s ) ] 2 in CH3 CN/O.I M 
[nBu4N][BF4] at 20°C. Scan rates: (a) 200 mVs'1, (b) and (c) 100 mVs'1.
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5.6 ATTEMPTED SYNTHESIS OF [Rh(CsdoH)2(PPh3)]2
Chemical synthesis of [R h(C gdoH )2 (P P h 3)]2 by NaBH4 red u ctio n  o f  
[Rh(CgdoH)2(Cl)(PPh3)] was initially attempted under the same conditions used by Panov et al. 
to produce the Rhn-dmgH~ dimer, i.e., 9:1 methanohwater, -5°C.28 However, the solubility of 
the Rhm-CgdoH' precursor was extremely limited in aqueous solvents and there was no obvious 
sign of reaction except perhaps a slight darkening in colour of the yellow suspension upon 
addition of the reductant. For this reason the reaction conditions were modified by adding THF 
to the methanol/water mixture. This resulted in a heterogenous yellow/orange solution which 
immediately changed to a deep green/black colour after addition of NaBH4. After a short 
induction period (1 - 2  minutes), the transient green suspension gave way to a bright orange 
solution. Precisely this sequence of colour changes was reported by Dreos et al. in the 
synthesis of their oxime/imine complexes [Rh(dmgH)(Hbdio)(PR.3)2]+ (where PR3 = PEt3, 
PnBu3 and PPh2Me).34 A 31P-{ !H} NMR spectrum of this orange solution using CöDö as lock 
indicated a small amount of unreacted starting material (631p = -24 ppm), but also a new 
doublet at 26.0 ppm belonging to an unknown diamagnetic product. The solvent was removed 
in vacuo and the orange solid was then washed with small amounts of deaerated water followed 
by diethyl ether. It was then left to dry under vacuum at ca. 60°C for two hours prior to running 
*H and 31P-{!H} NMR spectra in CöD ö. The *H NMR spectrum resembled that of Rhm - 
chloro phosphine starting material, although much broader in appearance. This was also true of 
the 31P -{1H} NMR spectrum where a very broad doublet was observed still centred at 26.0 
ppm.. The same compound run in CDCI3 produced much sharper signals and the peak ratios in 
the 1 to 2 ppm region were also slightly different from the spectrum run in C6Ü 6. At the 
moment it is difficult to identify this bright orange solid. The colour would suggest a Rhm 
monomer. A positive electrospray mass spectrum detected a signal attributable to ionised 
[Rh(C8doH)2(Cl)(PPti3)] at m/z = 739.0 as well as a new ion peak at m/z = 965.2. This could 
conceivably correspond to the species [Rh(CsdoH)2(PPh3)2]+. However, although the doublet 
in the 31P-{ !H} NMR spectrum of the product is indicative of Rhm -phosphine complexation, 
the coupling constant (-125 Hz) would tend to preclude a rrarcs-RhL2(PR3)2 complex. All prior 
data on such complexes (including the bis-PEt3 compound isolated in this work; see Table 5.3) 
point to coupling constants in the order of 80 - 90 Hz for a rhodium phosphorus bond trans to 
another phosphorus. Although the *H NMR spectra indicate asymmetry of the complex 
consistent with L *  L’ axial non-equivalence, the 13C spectrum shows no evidence of disruption 
of the ligand composition itself. The a-carbon signal is still observed as a simple resonance at 
-157 ppm and this therefore discounts a phenomenon analogous to that observed by Dreos et a l 
as no 13C resonance corresponding to an imine carbon is detected in the 13C NMR spectrum (a 
C=NH resonance would be expected at ca.180 ppm).34 Beyond this it is not possible to 
comment further on the identity of the orange compound at this stage.
Finally, a fresh attempt was made to synthesise [Rh(C8doH)2(PPh3)]2 directly by 
reaction of CsdoH2 with binuclear [Rh(0 2 CCH3)2]2 in degassed methanol under a nitrogen
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atmosphere. This pathway was previously reported for the preparation of [Rh(dmgH)2(PPh3)]2 
by Keller et al. However, the reaction produced a plethora of phosphorus-containing species 
as evidenced by the 3 *P-{ *H} NMR spectrum. No evidence of a triplet upfield of these signals 
in the range -2 to -3 ppm, diagnostic of a Rh11 dimeric species, was seen. We noted that if the 
reaction mixture came into contact with chlorinated solvents the [Rh(CgdoH)2(Cl)(PPh3)] 
monomer was formed.
In summary, although we have demonstrated that it is possible to generate the Rh11- 
C g d o H ' dimer in situ in the OTTLE cell at low temperatures, the synthesis of 
[Rh(CgdoH)2(PPh3)]2 at the bench has proven problematic, even compared to the 
dimethylglyoximato Rh11 analogue which is prepared in a somewhat convoluted fashion by 
NaBH4 reduction of the Rhm precursor, [Rh(dmgH)2(Cl)(PPh3)], followed by thermolysis in 
boiling toluene of the grey-blue hydrido-rhodoxime, [HRh(dmgH)2(PPh3)]. The difficulty 
encountered in preparing [Rh(CgdoH)2(PPh3)]2 is less surprising in the light of the evidence 
that the {Rhn2} dimer does not form in the course of the primary reduction, but is assembled 
subsequently by partial re-oxidation. Thus, a quite narrow potential window is involved and it 
would seem that variation of this over time is essential.
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5.7 VOLTAMMETRY OF THE RUTHENIUM CO M PLEXES  
5.7.1 Voltammetry and Spectroelectrochemistry o f  [Ru(Cj2 d o H ) 2 (P Ph3)2]
In the series of three mms-bis(triphenylphosphine) ruthenium complexes studied in this 
section of work, [Ru(Ci2doH)2(PPh3)2] was the first to be investigated voltammetrically, 
subsequent to X-ray structure analysis confirming the molecular structure of the complex (see 
§6.2.10). Unlike the dmgH' and C8doH' Ru11 complexes discussed in §5.2.1.2, incorporation 
of water during synthesis does not appear to be a problem in the isolation of the C12 complex. 
We therefore believe the electrochemistry of this compound to be the most innocent of the three 
and address its voltammetry first. Table 5.8 summarises the electrochemical data for the 
ruthenium(II) C8/i2doH' and dmgH' complexes recorded in CH2CI2/O.5 M [nBu4N][BF4] at 
20°C.
Complex £ i/2oxO) £ i/20X(2)
jttggg ggggggg •.<> |$$$3$ ^ 8 s ' jg s'>" s
[R u(C 12doH )2(PPh3)2] + 1.00 + 1.45
[R u(C 8doH )2(PPh3)2] {+0.50}* +1.13*
[R u(dm gH )2(PPh3)2] +0.48 + 1.01
Table 5.8 Electrochemical dataa for the ruthenium cc-dioximato complexes.
a E \/2 values in volts versus Ag/AgCl in CH2CI2/O.5 M [,zBu4N][BF4] at 20°C; Scan rate = 
100 mVs-1
h Quasi-reversible redox couple
* appears over time.
Cyclic voltammetry of [Ru(Ci2doH)2(PPh3)2] revealed two well-behaved reversible 
oxidations, although in appearance, the process at +1.0 V loses some reversibility on scanning 
out to the second oxidation. The d.c. and a.c. voltammetry of the C12 complex is illustrated in 
Figure 5.19. Unlike the corresponding dmgH' compound studied by Bond and Khalifa, there is 
no evidence of a much earlier process at +0.5 V (see below).
The UV/Visible-near IR spectral data for the ruthenium(II) parent complexes are listed in 
Table 5.5. Not surprisingly, but importantly, the three Ru11 complexes are virtually 
indistinguishable in electronic spectral terms. Only [Ru(Ci2doH)2(PPh3)2] (whose structure 
has been confirmed by X-ray crystallography) has been studied spectroelectrochemically to date. 
The spectral data for the one-electron first oxidation product are given in Table 5.6, where they 
are compared with the oxidised rhodium and iridium a-dioximato complexes. The spectral
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(a)
+ 1.8 + 1.6 + 1.4 + 1.2 + 1.0 +0.8 +0.6
E (Volts)
Figure 5.19 (a) d.c. voltammogram and (b) a.c. voltammogram of [Ru(C\2doH)2(BPhs)2] in 
CH2 CI2/O.5 M [nBu4N][BF4 ]  at 20°C; scan rates: (a) 100 mVs'1 and (b) 10 mVs'f
progression resulting from electrolysing a 0.5 M [nBu4 N][BF4 ]/CH2 Cl2 solution of the 
complex at +1.2 V and -60°C is shown in Figure 5.20. As with the Rhm and Ir111 oxidations 
described in §5.4.1, oxidation of [Ru(Ci2doH)2 (PPh3 )2 ] at this potential proved to be a fully 
reversible process. Tight isosbestic points were observed during the oxidation and the spectrum 
of the starting complex was retrieved completely upon re-reduction. This suggests that no major 
structural alterations had occurred and that the PPh3 moieties were still firmly bound. However, 
the two observed voltammetric waves, separated by only 0.4 V, are too close to correspond to 
two metal-centred successive oxidations, so this suggests either a) two ligand oxidations, b) a 
metal oxidation followed by a ligand oxidation, or c) a ligand oxidation followed by a metal 
oxidation.
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7171* (Ru11)
40 000 30 000 25 00035 000
Wavenumbers, cm'
Figure 5.20 Spectral progression upon oxidation of [Ru(Cj2doH)2 (PPh3 )2 ] in 0.5 M 
[nBu4N][BF4]/CH2Cl2 at +1.2 V, -50°C.
As Figure 5.20 shows, the main changes in the UV/VIS-near IR spectrum upon 
oxidation are the loss of the bands at 25 700 and 36 400 cm-1 and the growth of a strong 
maximum at 32 000 cm-1 which has a structured shoulder on the red edge at approximately 
28 000 cm-1. No highly-structured bands are observed in the region 15 000 - 20 000 cm-1, 
such as were seen upon oxidation of (Ph4As)[Rh(C8doH)2Cl2] or [Rh(CgdoH)2(Cl)(PPh3)] 
discussed earlier. Recall that these bands were assigned to n-+n* excitation within the oxidised 
ligand framework. It therefore seems highly likely that the species generated during the 
electrolysis of [Ru(Ci2doH)2(PPh3)2] is a Rum complex resulting from metal-based oxidation. 
The second oxidation at +1.45 V (see Figure 5.19) occurs too early for a second metal-centred 
Runi/rv process and it therefore seems likely that this process entails oxidation at the ligand. 
Encroaching on the second couple during electrolysis modified the spectral progression and 
caused loss of the isosbestic points in the OTTLE experiment. The starting UV/VTS spectrum 
for [Ru(Ci2doH)(PPh3)2] seems appropriate for a closed-shell (d7t6) Ru11 complex with the
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main absorption being the usual pseudo-macrocycle n/n* band together with a new feature at 
25 700 cm_1 which is readily attributed to metal to ligand (Ru11 —> dioxime) charge transfer. 
For this reason Figure 5.20 bears a remarkable resemblance to the UV/VIS spectra of 
[Ru(bipy)2L2]2+ systems.52
In summary, the original results on [Ru(Ci2doH)2(PPh3)2] seemed eminently 
reasonable and in accord with our best estimates of the expected location of the Ruin/n couple 
for such a complex.
5.7.2 Voltammetry of [Ru(dmgH)2 (PPh 3 )2 ]  and [Ru(CgdoH)2 (PPh 3 )2 ]
E (Volts)
Figure 5.21 (a) d.c. voltammogram and (b) a.c. voltammogram of [Ru(dmgH)2(PPh3)2] in 
CH2CI2/O.5M [nBu4N][BF4] at 20°C; scan rates: (a) 100 mVs'1 and (b) 10 m Vs'f The a.c. 
return wave overlays the forward wave when the first oxidation is studied alone.
Like [Ru(Ci2doH)2(PPh3)2], [Ru(dmgH)2(PPh3)2] exhibited two reversible oxidations, 
although in this instance the first oxidation was well behaved only at faster scan rates in the d.c. 
voltammetry. Specifically, the return wave for the first oxidation is only fully developed 
(ipf^Prev = 1*0) f ° r scan rates 200 mVs'1 and above. Sample voltammograms are illustrated 
in Figure 5.21. The reversibility of the first process was also diminished upon scanning out to
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the second oxidation as shown in the a.c. voltammogram (Figure 5.21(b)). Notably, however, 
these oxidations were approximately +0.5 V more facile than for the [Ru(Ci2doH)2(PPh3)2] 
complex. With the origin of this quite marked shift in potential of the oxidations of the two 
complexes unknown, and unprecedented for exact dmgH'/CndoH* analogues, we decided to 
synthesise the [Ru(CsdoH)2(PPh3)2] complex in order to compare its voltammetry to the other 
two compounds. It was expected that the Cs and C12 behaviour would coincide. In fact the 
electrochemistry of [Ru(CsdoH)2(PPh3)2] proved to be complicated, but ultimately revealing.
Figure 5.22 shows the quasi-reversible oxidation wave observed at +1.13 V after 
warming the ruthenium Cs solution from -50°C to 20°C. Neither at low temperature, nor room 
temperature was a process initially observed at +0.5 V (unlike the dmgH- complex). However, 
the cyclic voltammogram appears to comprise two components (in agreement with Figure 
5.23(b)). Given the extreme sensitivity of this compound to the presence of water as noted in 
§5.2.1.1, and as evidenced in the marked effect water had on the *H NMR spectrum, it should 
be noted that every effort to exclude water was made throughout the experiment. Over a period 
of approximately half an hour at room temperature, a new reversible process began to emerge at 
+0.5 V. The oxidation at ~ +1.1 V still exhibited two components to the wave in the a.c. 
voltammogram. Figure 5.23 shows d.c. and a.c. voltammograms of the (now) two oxidations. 
It was found that scanning to the second oxidation affected the reversibility of the return scan for 
the process at +0.5 V as seen for the dmgH* analogue.
E (Volts)
Figure 5.22 Cyclic voltammogram of a fresh solution of [Ru(CgdoH)2(BPh3)2] in 
CH2CI2/O.5M [nBu4N][BF4] at 20°C; scan rate 100 mVs'f
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E (volts)
Figure 5.23 (a) d.c. voltammogram and (b) a.c. voltammogram o f the
[Ru(CsdoH)2(PPhs)2]/CH2Cl2/0.5M [nBii4N][BF4] solution after approximately 30 minutes at 
room temperature illustrating the emergence o f a new process at +0.5 V; scan rates: (a) 100 
m V s a n d  (b) 10 m Vs'f
5.7.3 Discussion
The voltammetric behaviour of [Ru(dmgH)2(PPh3)2] itself and three alternatively- 
substituted [Ru(a-dioximate)2(PPh3)2] complexes (including [Ru(CödoH)2(PPh3)2] i.e., the Cö 
analogue of our Cs and C 12 chelates) was first reported by Bond and Khalifa in 1988.37 In 
each case two well-defined oxidation steps were observed at a platinum working electrode. It 
was shown that under the conditions of d.c. polarography, cyclic voltammetry and rotating disc 
voltammetry the first process was consistent with a reversible one-electron charge-transfer step. 
The one-electron nature of process 1 was confirmed by controlled-potential electrolysis 
experiments. The limiting current for process 2 also defined it as a one-electron charge-transfer 
step (by peak-height comparisons). Voltammetric data for process 1 were found to be 
independent of concentration of added PPh3, suggesting that this ligand remained coordinated 
after oxidation. The ruthenium(II) complex was therefore believed to be kinetically inert to 
substitution on the voltammetric timescale and the two waves were assigned to the consecutive 
processes, equations (5.4) and (5.5), respectively:
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[Run(dmgH)2(PPh3)2] — ^  [Rum(dmgH)2(PPh3)2]+ + e- 
[Rum(dmgH)2(PPh3)2]+ [RuIV(dmgH)2(PPh3)2] 2+ + e“
equation (5.4) 
equation (5.5)
The electrode products [Ru(dmgH)2(PPh3)2]+ and [Ru(dmgH)2(PPh3)2]2+ were 
assigned as truly ruthenium(III) and ruthenium(IV) complexes, respectively. Oxidative 
electrolysis in an EPR cavity at a potential appropriate for the first oxidation produced a broad 
signal with a g value regarded as consistent with that expected for a low-spin ruthenium(III) 
complex. The ruthenium (III) complex was only moderately stable upon bulk electrochemical 
generation at 20°C, but stable for many hours at -35°C. The proposed ruthenium(IV) species 
was, however, highly reactive, even at low temperature and only small yields of 
‘[Ru(dmgH)2(PPh3)2]2+’ could be generated by a combination of chemical and electrochemical 
oxidation. Voltammetric studies of the other structurally-related Run compounds revealed they 
all behaved in a manner similar to [Ru(dmgH)2(PPh3)2]. The weight of this consistent evidence 
on four  isostructural ‘pseudo-macrocyclic’ bis-dioxime complexes has to be respected. It 
suggests a systematic difference between the behaviour of the C12 compound and those studied 
by Bond and Khalifa, and this needs explanation.
Concerning the C12 system, it can be noted reassuringly that the potential for oxidation 
in the spectroelectrochemical oxidation of [Ru(Ci2doH)2(PPh3)2] occurred in full agreement 
with our voltammetric measurements of this compound, i.e., 0.5 V later than the measured 
potential for the first oxidation of [Ru(dmgH)2(PPh3)2]. In particular, the optical spectrum is 
appropriate for Run having a MLCT band at 27 000 cm-1, and the optical changes are consistent 
with a well-behaved Run / R u m  oxidation. Added to this, the constitution of 
[Ru(Ci2doH)2(PPh3)2] in the solid was well established by X-ray crystallography. Combined 
with the simplicity of the NMR data in CD2CI2 (the electrochemical solvent as well), nothing 
had prepared us for the surprising contrast with the dmgHVCgdotT compounds.
Time constraints have not allowed more thorough investigation of the phenomena 
exhibited by the [Ru(dmgH)2(PPh3)2] and [Ru(C8doH)2(PPh3)2] (in particular) complexes; for 
example, spectroelectrochemical studies would be highly desirable as a comparison to the 
OTTLE experiment performed on [Ru(Ci2doH)2(PPh3)2]. A 0.5 V shift in oxidation potentials 
between [Ru(Ci2doH)2(PPh3)2] and the dmgH- and CsdoH- analogues is unprecedented and 
would probably be considered quite remarkable by those who have worked in this area. We 
therefore believe that the explanation most likely lies in a marked structural and/or chemical 
distinction between the two systems, rather than in an electronic variability between apparently 
isostructural complexes. Further study is obviously required, but in particular we suspect that 
the distinctly hygroscopic nature of the Run-dmgH' and CsdoH' compounds (not shared by the 
C\2 derivative) is a major source of the confusion surrounding the conflicting results. This 
could explain why these problems were apparently not encountered for [Ru(Ci2doH)2(PPh3)2],
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and why the oxidation at +0.5 V in [Ru(CsdoH)2(PPh3)2] was only seen with aged solutions. 
Empirically speaking, the C12 compound is characterised as an anhydrous material while the 
dmgH- compound is isolable as a hydrate. This solid-state behaviour presumably accords with 
the hydrophobic nature of the carbocyclic rings. Further, the X-ray structure (see Chapter 6) 
reveals exceptional rectangular distortion of the N4 coordination plane, coupled with the longest 
simple O-H—O bonds/straps we have encountered among many a-dioxime compounds. This 
suggests an explanation for the extreme effect of H2O on [Ru(dioximate)2(PR.3)2] complexes, 
since mono- or double-hydration could relieve bridge strain (and possibly facilitate oxidation by 
enabling more effective Ru/dioxime bonding).
It is worth noting that previous reports of the electrochemistry of [Ru(dmgH)2(PPh3)2] 
showed the cyclic voltammograms of the oxidations at scan rates of 500 m Vs'1;37 this is 
consistent with our observation that the first oxidation of the dmgH' complex is only well 
behaved at elevated scan rates. It also seems that the heights of the two oxidation waves of 
[Ru(dmgH)2(PPh3)2] are not necessarily exactly equal (after all) which would permit an 
explanation based on the presence of two species in solution. In connection with this, we have 
direct evidence of the abnormal reaction of [Ru(dmgH)2(PPh3)2] and [Ru(CsdoH)2(PPh3)2] 
with water, which affects the *H and 31P-{1H} NMR spectra of both compounds while 
apparently leaving the Ru11 optical spectra unchanged (see §5.2.1.2). Similarly, infrared and 
mass-spectroscopic evidence has also shown that the solid Run-dmgH' compound is very hard 
to dehydrate, requiring prolonged evacuation at elevated temperatures (drying in vacuo for 48 
hours at 110°C, to be specific). Adding support to these qualitative observations is a recent 
publication on the synthesis of a series of ruthenium (III) oxime complexes by Ramadan et al. 
The compounds reported were shown to be very prone to aquation/hydration, apparently 
requiring drying for two weeks in vacuo over anhydrous CaO.
In conclusion, while questions still remain regarding the voltammetric behaviour of the 
Run-dmgH' and -CßdoH' complexes, we believe that [Ru(Ci2doH)2(PPh3)2] represents an 
uncomplicated example of a ruthenium(II) bis-dioxime where the combination of the N-donor 
organo-soluble dioximato chelate along with the axial phosphine ligands appears to promote the 
formation of Rum . In the [Ru(dmgH)2(PPh3)2] case, Bond and Khalifa interpreted their second 
process (logically enough) to be R h^/R h^. We believe that this wave may instead represent an 
alternative (more difficult) Run/Rum couple. In contrast, the second process in the C 12 case 
(only ensuing at ca. +1.4 V) is more likely to be due to ligand oxidation than to an early 
Rum/RuIV couple, for the reasons outlined in §5.7.1. ^
Finally, in contemplating the simple behaviour of the present C12 system, it is worth re­
iterating the valuable contrast between it and the structurally-related Rh and Ir monomers. 
Formally speaking, the Run-+Runi and Rhm—>RhIV oxidations would be isoelectronic d6^ d 5 
processes if both [Ru(diox)2(PR3)2]0/+ and [Rh(diox)2(Cl)(PR3)2]0/+ (or [Rh(diox)2Cl2]-/0) 
were metal-centred couples. The electronic spectral differences for these oxidised systems are, 
however, immense, even though the oxidation potentials involved are quite similar.
T Study of the BF2+-capped Ru complexes could also help address the discrepancies encountered in 
the electrochemistry of these systems. However, these complexes are unknown and resisted our 
preliminary attempts to make them.
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Appendix 5.1
Synthesis o f the Organo-soluble [M(Cs/i2doH)2]-type Complexes 
where M -  Rh, Ir, Ru and Au
A5.1.1 Preparation of the Rhodium a-Dioximato Complexes
[Rh(dmgH)2(Cl)(PPh3)]
[Rh(dmgH)2(Cl)(PPh3)] was prepared according to a literature method. To a solution 
of RJ1CI3.3H2O (0.2 g, 0.76 mmol) in water (4 ml) was added dropwise an ethanolic solution 
(20 ml) of dmgH2 (0.177 g, 1.52 mmol). The mixture w7as boiled for 15 min resulting in an 
orange solution. At this point PPI13 (0.2 g, 0.76 mmol) was added. The reaction solution was 
heated at reflux under N2(g) for 12 h. The colour of the reaction mixture changed to yellow 
over this time. Upon cooling the resultant solution and reducing the solvent volume by half, 
crystalline yellow needles began to separate out. These were collected on a scmtered fnt and 
washed with small amounts of ethanol and diethyl ether. Yield 94.2%. Elemental Analysis: 
Found: C, 49.08; H, 4.57; N, 8.61. C26H29CIN4O4PRI1 requires C, 49.50; H, 4.63; N, 8.88 
%. +ve FAB mass spectrum: calcd. (found), m/z 630.88 (630.9). (300 MHz, ppm): 1.93
(12H, m); 6.15 (2H, br); 7.37-7.54 (15H, m). 13C (300 MHz, ppm): 12.29, 126.83 (d, 
J(13C-31P) = 54.6 Hz), 128.36 (d, / ( 13C-31p) = 11.2 Hz), 131.46 (d, 7(13C-31p) = 2.8 Hz), 
133.89 (d, J(13C-3lp) = 9.4 Hz), 151.40. 3lp_{iH} (300 MHz, ppm): 24.33 (d, !7(103Rh- 
31P) = 122.9 Hz). Electronic spectrum (CH2CI2): v ^ / c m -1 (e/cm^M-1) 27 500 (sh), 36 816 
(22 870).
The synthesis of [Rh(dmgH)2(Cl)(PPh3)] in the presence of an excess of phosphine gives small 
amounts of [Rh(dmgH)2(PPh3)2]+ as a by-product. This was identified by comparison of the 
!H and 3lp NMR spectra with those of a literature report of [Rh(dmgH)2(PPh3)2]Cl. 12 *H 
(300 MHz, ppm): 1.42 (12H, t); 7.35-7.55 (15H, m). 3lp_{lR} (300 MHz, ppm): 17.6 (d, 
l7(103Rh-31p)= 92.0 Hz).
[Rh(dmgH)2(PPh3)]2
[Rh(dmgH)2(PPh3)]2 was prepared according to a literature method. The procedure was carried 
out in an argon atmosphere using oxygen-free solvents. NaBH4 (0.05 g) was added in small 
portions to a suspension of 0.60 g (0.95 mmol) [Rh(dmgH)2(Cl)(PPh3)] in 30 ml of a 9:1 
methanol-water mixture. During the addition the mixture was stirred and kept at a temperature 
of ~5°C. The resulting blue-grey precipitate was filtered, washed twice with cold deaerated 
water and then vacuum dried at ~50°C. The solid was then dissolved in toluene and heated to 
boiling, rapidly giving rise to a deep red solution. The solvent was removed ‘in vacuo’ and 
washed twice with diethyl ether to yield a deep red solid. Yield ~75 %. Electrospray mass
Chapter 5 194
spectrum: calcd. (found), m/z 1190.9 (1190.3). !H (200 MHz, CöDö, ppm): 1.94 (12H, s); 
6.15 (2H, br); 6.90-7.53 (30H, m). 13C (300 MHz, ppm, C6D6): 12.30, 129.45, 131.01, 
134.28, 149.72. 31P-{!H} (300 MHz, C6D6, ppm): -2.67 (t, W 03Rh-31P) = 51.1 Hz). 
Electronic spectrum (CH3OH): Vmax/cnr1 22 150.
H[Rh(C8doH)2Cl2]
H[Rh(CsdoH)2Cl2] was synthesised by modification of a literature method.54 To a 
solution of RhCl3-3H20  (0.2 g, 0.76 mmol) in water (2 ml) was added dropwise an ethanolic 
solution (10 ml) of C8doH2 (0.27 g, 1.6 mmol). The mixture was heated at reflux under N2(g) 
for 8 h by which time the initially red/orange solution had turned yellow. The reaction flask was 
allowed to cool and the solvent volume then reduced by half. At this point the 
[Rh(C8doH)2Cl2]' product began to precipitate out as a fine yellow, crystalline solid. Yield 
55%. Elemental Analysis: Found: C, 36.32; H, 5.26; N, 9.88; Cl, 13.14. CiöH27Cl2N404Rh 
requires C, 37.44; H, 6.3; N, 10.92; Cl, 13.82%. -ve FAB mass spectrum: calcd. (found), m/z 
512.2 (512.8). *H (300 MHz, CD3CN, ppm): 1.48 (8H, m); 1.62 (8H, m); 2.82 (8H, pseudo­
triplet). 13C (300 MHz, CD3CN, ppm): 25.24, 26.95, 28.75, 155.64. Electronic spectrum 
(CH2C12): Vmax/cm-1 (e/cm^M-1 ) 26 250 (sh), 30 500 (sh), 35 000 (sh).
[Ph4As][Rh(C8doH)2Cl2]
The tetraphenylarsonium salt of [Rh(C8doH)2Cl2]' was synthesised with the aim of 
improving on the organo-solubility which was found to be poor for the acid, and also to see if 
the larger counterion would improve the isolation and purification of the material. This was 
found to be the case. The tetrabutylammonium salt of [Rh(CgdoH)2Cl2]’ was also prepared.
[Ph4As][Rh(CgdoH)2Cl2] was prepared in an analogous fashion to H[RJh(CgdoH)2Cl2]. To a 
solution of RhCl3.3H20  (0.2 g, 0.76 mmol) in water (2 ml) was added dropwise an ethanolic 
solution (10 ml) of CgdoH2 (0.27 g, 1.6 mmol). The mixture was allowed to boil for 5 min at 
which time [Ph4As]Cl (0.32 g, 0.76 mmol) dissolved in ethanol (10 ml) was added. The 
reaction was then heated at reflux for 8 h to give a deep yellow/orange solution. The reaction 
flask was allowed to cool and the solvent volume then reduced by half. An orange powder was 
collected and washed with small quantities of cold ethanol followed by diethyl ether. The 
product was recrystallised from dichloromethane/diethyl ether to yield orange/yellow needles. 
The *H NMR spectrum revealed the presence of a molecule of dichloromethane in the solid i.e., 
(Ph4As)[Rh(CgdoH)2Cl2].CH2Cl2. Yield 80%. Elemental Analysis: Found: C, 49.85; H, 
4.75; N, 5.30; Cl, 15.44. AsC4iH48Cl4N404Rh requires C, 50.22; H, 4.93; N, 5.71; Cl, 
14.46%. -ve FAB mass spectrum: calcd. (found), m/z 512.2 (510.9). *H (300 MHz, ppm): 
1.44 (8H, m); 1.63 (8H, m); 2.75 (8H, pseudo-triplet); 4.04 (2H, br); 7.59-7.85 (20H, m). 
13C (300 MHz, ppm): 24.69, 26.37, 28.03, 120.76, 131.73, 133.34, 135.33, 154.46. 
Electronic spectrum (CH2C12): Vmax/cnr1 (e/cm^M'1) 26 250 (sh), 30 500 (sh), 35 000 (sh).
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[wBu4N][Rh(C8cloH)2Cl2]
[nBu4N][Rh(CgdoH)2Cl2] was prepared as was [Ph4As][Rh(CgdoH)2Cl2] except that 
[nBu4N]Cl was added instead of [Ph4As]Cl. Yield 72%. Elemental Analysis: Found: C, 
50.55; H, 8.70; N, 9.26; Cl, 15.44. C32H62Cl2N504Rh requires C, 50.93; H, 8.28; N,9.28. 
-ve FAB mass spectrum: calcd. (found), m/z 512.2 (511.0). *H (300 MHz, ppm): 0.96 (12H, 
t); 1.41 (8H, m); 1.51 (8H, m); 1.62 (8H, m); 1.74 (8H, m); 2.94 (8H, pseudo-triplet); 3.24 
(8H, m). 13C (300 MHz, ppm): 13.70, 19.66, 23.99, 24.57, 25.94, 27.59, 58.61, 154.26.
Na[Rh(C8doH)2Br2]
A solution of Na3[RhBr6] (0.05 g, 0.08 mmol) and CgdoH2 (0.021 g, 0.031 mmol) in 
ethanol was heated at reflux under N2(g) for 12 h yielding a clear yellow solution. Upon 
cooling the reaction mixture, orange crystals began to form. These were isolated and washed 
with small amounts of cold ethanol and diethyl ether. Yield 51%. Elemental Analysis: Found: 
C, 31.17; H, 4.46; N, 8.30. C i6H26Br2N404RhNa requires C, 30.79; H, 4.20; N, 8.98%. 
*H (300 MHz, aceton-d6, ppm): 1.55 (8H, m); 1.71 (8H, m); 3.00 (8H, pseudo-triplet). 13C 
(300 MHz, CD3CN, ppm): 25.95, 26.24, 27.70, 155.64. Electronic spectrum (CH2CI2): 
V m ax/cn r1 (e/cm^M-1 ) 26 000 (sh), 31 000 (sh), 40 500 (29 150).
[Rh(C8doH)2(Cl)(PPh3)]
Method 1. [Rh(CgdoH)2(Cl)(PPh3)] was prepared according to a literature method for
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the analogous dmgH' complex. To a solution of RhCl3.3H20  (0.15 g, 0.57 mmol) in water 
(3 ml) was added dropwise an ethanolic solution (15 ml) of CgdoH2 (0.20 g, 1.2 mmol). The 
mixture was boiled for 15 min, resulting in an orange solution. At this point PPh3 (0.15 g, 
0.57 mmol) in ethanol (10 ml) was added dropwise. The reaction solution was heated at reflux 
under N2(g) for 12 h. The colour of the reaction mixture appeared to lighten over this time. 
Upon cooling the resulting solution and reducing the solvent volume by half, crystalline yellow 
needles began to separate out. These were collected on a scintered frit and washed with small 
amounts of ethanol and diethyl ether. Yield 75.2%.
Elemental Analysis: Found: C, 55.17; H, 5.50; N, 7.43; Cl, 4.97. C34H4 iC lN 4 0 4 PRh 
requires C, 55.26; H, 5.29; N, 7.58; Cl, 4.80%. +ve FAB mass spectrum: calcd. (found), m/z 
739.06 (737.0). *H (300 MHz, ppm): 1.25 (4H, m); 1.45 (8H, m); 1.67 (4H, m); 2.04 (4H, 
m); 2.81 (4H, d of t); 7.44 (15H, m); 9.8 (2H, br). 13C (300 MHz, ppm): 24.80, 25.87, 
26.89, 126.95 (d, 7(13C-31P) = 52.3 Hz), 128.30 (d, 7(13C-3lP) = 10.9 Hz), 131.48 (d, 
/ ( 13C-31P = 2.8 Hz), 134.18 (d, / ( 13C-31P) = 9.6 Hz), 156.31. ^ P -^ H }  (300 MHz, ppm): 
24.36 (d, 17(103Rh-31P) = 122.6 Hz). Electronic spectrum (CH2C12): Vmax/cnr1 (e/cm^M '1) 
27 500 (sh), 31 250 (sh), 36 900 (27 680).
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It is believed that [Rh(CsdoH)2(PPh3)2]+ was observed briefly in the 31P NMR spectrum as a 
by-product of this reaction which used an excess of phosphine (as observed in the analogous 
dmgH- reaction (31P-{ !H} (300 MHz, ppm): 17.59 (d, l7(l°3Rh-31P) = 91.5 Hz). However 
the observed doublet rapidly gave way to other phosphorus signals and the proposed product 
was never isolated.
Method 2. To H[Rh(C8doH)2Cl2] (0.06 g, 0.12 mmol) in ethanol (10 ml) was added 
PPh3 (0.031 g, 0.12 mmol) as a solid. The reaction solution was heated at reflux under N2(g) 
for 12 h, resulting in a clear orange solution. The solvent was removed ‘in vacuo ’ leaving an 
‘oily’ orange solid. A !H NMR spectrum of this material showed the presence of the desired 
[Rh(C8doH)2(Cl)(PPh3)] product. However, purification required column chromatography on 
silica using 4:1 CH2Cl2:Et2 0  as eluant. Yield ca. 50%.
[Rh(C8doH)2(Cl)(AsPh3)]
The same synthetic route used to prepare [Rh(C8doH)2(Cl)(PPh3)] (method 1) was also 
employed for the synthesis of [Rh(C8doH)2(Cl)(AsPti3)]. To a solution of RhCl3.3H2 0  (0.1 
g, 0.38 mmol) in water (3 ml) was added dropwise an ethanolic solution (15 ml) of C8doH2 
(0.136 g, 0.8 mmol). The mixture was boiled for 15 min. AsPh3 (0.12 g, 0.38 mmol) in 
ethanol (10 ml) was then added dropwise. The reaction solution was heated at reflux under 
N2(g) for 24 h. The volume of the orange solution was reduced to yield an oily orange solid. 
Purification of the desired product was achieved by dissolving the solid in the minimum volume 
of dichloromethane and applying this solution to an alumina column (eluant 4:1 
dichloromethane:hexane). [Rh(C8doH)2(Cl)(AsPh3)] was removed in the first fraction as a 
yellow band. Yield 54%.
Elemental Analysis: Found: C, 51.13; H, 5.68; N, 6.61. ASC34H41CIN4O4PRI1 requires C, 
52.16; H, 5.28; N, 7.16. +ve FAB mass spectrum: calcd. (found), m/z 783.01 (780.5). ]H 
(300 MHz, ppm): 1.23 (4H, m); 1.39 (8H, m); 1.64 (4H, m); 2.13 (4H, m); 2.78 (4H, d oft); 
7.39 (15H, m); 8.37 (2H, br). 13C (300 MHz, ppm): 24.72, 25.80, 26.96, 128.20, 128.88, 
131.05, 133.49, 157.02. Electronic spectrum (CH2CI2): Vmax/cm*1 (e/cm ^M '1) 27 500 (sh), 
31 250 (sh), 37 200 (29 260).
[Rh(C8doH)2(PMe3)2]Cl
To a solution of RI1CI3 .3 H2C) (0.1 g, 0.38 mmol) in ethanol (5 ml) was added an 
ethanolic solution of C8doH2 (0.14 g, 0.82 mmol). The mixture was boiled for 15 min. An 
excess of PMe3 (0.4 ml) was then added under N2(g). The reaction solution was heated at 
reflux for 24 h and upon cooling a yellow solid was isolated. This was washed with ethanol 
followed by diethyl ether. Yield 80%.
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Elemental Analysis: Found: C, 42.48; H, 6.83; N, 6.39. C22H44N4C104P2Rh requires C, 
42.02; H, 7.05; N, 8.40%. +ve FAB mass spectrum: calcd. (found), m/z 593.5 (596.0). lH 
(300 MHz, ppm): 1.50 (8H, m); 1.64 (9H, m); 1.72 (8H, m); 2.91 (8H, pseudo-triplet). 31P- 
{!H} (300 MHz, ppm): -8.80 (d, 80.9 Hz).
[Rh(C8doH)2(Cl)(PEt3)]
Method 1. This synthesis follows the first method given above for 
[Rh(CgdoH)2(Cl)(PPh3)]. Yields were low and it was found that forcing conditions in the form 
of higher temperatures were necessary.
To a solution of RI1CI3.3H2O (0.2 g, 0.76 mmol) in butan-l-ol was added CgdoH2 
(0.26 g, 1.52 mmol). The mixture was boiled for 15 min resulting in an orange solution. At 
this point a ten-fold excess of PEt3 (2 ml) was added under N2(g). The reaction solution was 
heated at reflux for 24 h at which time the solvent was removed to give an oily yellow/orange 
residue. This was dissolved in CH2CI2 and applied to a silica column using 1:1 
CH2Cl2:CH3CN as eluent. The desired product was eluted off in the third fraction. The solvent 
was allowed to evaporate yielding a pale yellow crystalline solid. Yield 10%.
Elemental Analysis: Found: C, 43.58; H, 6.85; N, 8.83; Cl, 5.62. C22H4iClN404PRh 
requires C, 44.42; H, 6.95; N, 9.42; Cl, 5.96%. +ve FAB mass spectrum: calcd. (found), m/z 
594.16 (594.3). *H (300 MHz, ppm): 1.00 (9H, q); 1.40 (4H, m); 1.65 (14H, m); 1.80 (4H, 
m); 2.42 (4H, m); 3.17 (4H, d of t); 9.52 (2H, br). 13C (300 MHz, ppm): 6.98 (d, / ( 13C-31P) 
= 4.5 Hz), 13.82 (d, 7(13C-31P) = 28.7 Hz), 24.90, 25.83, 26.97, 156.66. 31P-{!H} (300 
MHz, ppm): 28.95 (17(103Rh-31P) = 117.9 Hz). Electronic spectrum (CH2C12): V m ^/cnr1 
(e/cm-iM-1) 26 250 (sh), 34 800 (8520).
Method 2. To [Rh2Clö(PEt3)4] (0.072 g, 0.08 mmol) in ethanol (15 ml) was added 
CgdoH2 (0.06 g, 0.37 mmol) as a solid. The reaction solution was heated at reflux under N2(g) 
for 12 h resulting in a light yellow solution. The solvent was removed ‘in vacuo’ and the 
residue dissolved in the minimum volume of acetonitrile. This was then applied to a RP-8 silica 
column using a 1:1 mixture of CH3CN:CH3CH20H as eluent. Six fractions were obtained, the 
third fraction contained the desired [Rh(CgdoH)2(Cl)(PEt3)] while traces of this product were 
also seen in the first and second fractions, along with other impurities. Fraction 3 was 
recrystallised from CHC^/hexane to give deep yellow crystals. Yield 89.4%.
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[Rh(C8doH)2(PEt3)2][CF3S0 3 ]
Method 1. H[Rh(CgdoH)2Cl2] (0.09 g, 0.17 mmol) was dissolved in ethanol (10 ml). 
A ten-fold excess of PEt3 (2 ml) was added under N2(g) along with [T1(CF3S 03)J (0.3 g, 0.85 
mmol). The reaction solution was heated at reflux for 48 h at which time the solvent was 
removed to give an oily yellow/orange residue. This was dissolved in CH2CI2 and applied to a 
silica column using 4:1 CH2Cl2*.CH3CN as eluant. The bis-PEt3 product eluted in the third 
fraction. The solvent was allowed to evaporate yielding an orange/yellow crystalline solid. 
Yield 23%.
Elemental Analysis: Found: C, 41.74; H, 6.83; N, 6.39. C29F3H56N4C>7P2SRh requires C, 
42.13; H, 6.83; N, 6.78%. +ve FAB mass spectrum: calcd. (found), m/z 611.6A (677.3). ]H 
(300 MHz, ppm): 1.05(18H, q); 1.54 (20H, m); 1.74 (8H, m); 2.93 (8H, pseudo-triplet). 13C 
(300 MHz, ppm): 6.97, 11.93 (t, / ( 13C-31P) = 13.2 Hz), 24.82, 26.09, 27.12, 157.25. 31P- 
{XH} (300 MHz, ppm): 13.3 (d, l/(H>3Rh-31P) = 87.1 Hz). Electronic spectrum (CH2C12): 
Vm ax/cnr1 (e/cnWM-1 ) 27 500 (sh), 36 000 (5170), 41 500 (10 270).
Method 2. Note that [Rh(CgdoH)2(PEt3)2]+ was also obtained from the reaction of 
[R h2C l6 (PEt3)4 ] with CgdoH 2 as described above in the second synthetic route to 
[Rh(CgdoH)2(Cl)(PEt3)], It was obtained in an extremely small yield from the sixth fraction 
and identified by spectroscopic means (1H, 31P-{1H) NMR).
[Rh(C8doH)2(Cl)(py)]
Method 1. To RhCl3.3H20 (0.2 g, 0.76 mmol) in butan-l-ol (25 ml) was added 
CgdoH2 (0.26 g, 1.52 mmol). The mixture was boiled for 1 hour resulting in an orange 
solution. Pyridine in excess (0.1 ml) was then added by gas-tight syringe. The reaction 
solution was heated at reflux under N2(g) for 48 h. Removal of the solvent lin vacuo’ gave rise 
to a pale yellow solid subsequently identified as [Rh(CgdoH)2(Cl)(py)]. This was collected and 
washed with small amounts of ethanol and diethyl ether. Yield 30%. Elemental Analysis: 
Found: C, 44.28; H, 5.66; N, 11.89. C2iH 3iC lN 50 4Rh requires C, 45.38; H, 5.62; N, 
12.6%. +ve FAB mass spectrum: calcd. (found), m/z 555.87 (556.0). *H (300 MHz, ppm): 
1.02 (4H, m); 1.49 (8H, m); 1.72 (4H, m); 2.81 (8H, pseudo-t), 7.36 (2H, t); 7.82(1H, t); 
8.59(2H, d);. 13C (300 MHz, ppm): 24.66, 25.74, 27.42, 126.15, 139.21, 150.76, 156.80. 
Electronic spectrum (CH2CI2): Vmax/cnr1 (e/cm ^M -1 ) 26 670 (sh), 30 000 (sh), 35 500 
(8160).
Method 2. To [pyH]2 [RhCl5(py)] (0.05 g, 0.09 mmol) in butan-l-ol (20 ml) was 
added CgdoH2 (0.03 g, 0.17 mmol). The reaction was heated at reflux for 48 h. The initially 
salmon pink solution turned a clear yellow. The flask was then allowed to cool during which 
time yellow crystals began to form. The reaction volume was reduced by half. The yellow
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crystalline solid was then collected and washed with a small volume of chilled methanol 
followed by diethyl ether. Yield 69%. Elemental Analysis: Found: C, 45.41; H, 5.62; N, 
12.32; Cl, 6.59. C2iH3iClN504Rh requires C, 45.38; H, 5.62; N, 12.60; Cl, 6.38%.
[Rh(C8doH)2(py)2][CF3S03]
Method 1. To rrarcs-[pyH][RhCl4(py)2] (0.1 g, 0.41 mmol) in ethanol (10 ml) was 
added an ethanolic solution of CsdoH2 (0.14 g, 0.83 mmol). The apricot coloured suspension 
was heated at reflux for 48 h during which time the reaction solution changed colour to an 
intense yellow. The solvent was removed ‘in vacuo’ and the resulting solid dissolved in the 
minimum volume of dichloromethane and purified on a silica column using 5:1 CH2Cl2:ethyl 
acetate as the solvent system. The bis-pyridine product eluted in the second fraction. An intense 
yellow solid precipitated from solution upon adding hexane. This solid was then dissolved in 
10 ml CH2CI2 and to this 2 ml of 0.1 M methanolic CF3SO3H was added. The reaction mixture 
was heated at reflux for 12 h at which point diethyl ether was added dropwise until a fine pale 
yellow precipitate formed. This was collected and washed with diethyl ether. Yield 10%.
Elemental Analysis: Found: C, 43.34; H, 4.90; N, 11.18. C27F3H36N607SRh requires C, 
43.32; H, 4.85; N, 11.23%. +ve FAB mass spectrum: calcd. (found), m/z 599.5 (599.1). !H 
(300 MHz, ppm): 0.74 (8H, m); 1.36 (8H, m); 2.64 (8H, pseudo-triplet); 7.31 (4H, t); 7.74 
(2H, t); 8.81 (4H, t). 13C (300 MHz, ppm): 24.29, 25.75, 27.33, 125.42, 138.58, 151.73, 
155.43. Electronic spectrum (CH2CI2): v ^ x /c n r1 (e/cm ^M '1 ) 26 670 (sh), 30 888 (5170), 
35 475(10 270).
Method 2. Note that [Rh(C8doH)2(py)2][CF3SC>3] was also prepared from the trans- 
[nBu4N][RhCl4(py)2] salt in an analogous fashion as with the rrarcs-tpyHJfRhCL^py^] starting 
material described above. However, in this case, butan-l-ol was used as a solvent and a 41% 
yield was obtained.
H[Rh(Ci2doH)2Cl2]
H[Rh(Ci2doH)2Cl2] was prepared using the same synthetic route used to obtain 
H[Rh(C8doH)2Cl2]. To a solution of RJ1CI3.3H2O (0.1 g, 0.38 mmol) in water (2 ml) was 
added dropwise an ethanolic solution (10 ml) of C i2doH2 (0.05 g, 0.76 mmol). The mixture 
was heated at reflux under N2(g) for 8 h by which time the initially red/orange solution had 
turned yellow. The reaction flask was allowed to cool and the solvent volume then reduced by 
half. The [Rh(C8doH)2Cl2]' product began to precipitate out as a fine yellow, crystalline solid. 
Yield 68%. Elemental Analysis: Found: C, 45.61; H, 7.03; N, 8.96. C24H43Cl2N404Rh 
requires C, 46.09; H, 6.93; N, 8.96%. -ve FAB mass spectrum: calcd. (found), m/z 624.4 
(624.1). !H (300 MHz, CD3CN, ppm): 1.43-1.52, (24H, m); 1.80, (8H, m); 2.86 (8H, 
pseudo-triplet). 13C (300 MHz, ppm): 22.87, 23.54, 25.84, 26.85, 161.71. Electronic
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spectrum (CH2C12): v ^ / c m '1 (e/cm^M'1) 25 700 (4500), 32 000 (sh), 36 400 (26 100).
A5.1.2 Preparation of the Iridium a-Dioximato Complexes 
[Ph4As][Ir(C8doH)2Cl2]
[Ph4As]3[Ir2Cl9] (0.4 g, 0.22 mmol) in ethanol (25 ml) was heated at boiling 
temperature for 30 min, helping dissolve the starting material. The colour of the initial solution 
was green. To this was added dropwise an ethanolic solution of C8doH2 (0.15 g, 0.86 mmol) 
along with Na2CC>3 (0.092 mg), and the reaction mixture was heated at reflux for 72 h. The 
solvent was then removed ‘in vacuo’ leaving behind an oily greenish/brown residue. This was 
dissolved in the minimum volume of acetonitrile and applied to a silica column using 3:2 
CH3CN:CHCl3 as the mobile phase. Eight fractions were collected, of which fractions 3, 4 and 
5 contained the desired product as identified by *H NMR. The solids from these fractions were 
combined and recrystallised from ethanol/diethyl ether to give a yellow/green solid. 
Yield 52%.  Elemental Analysis: Found: C, 48.29; H, 4.54; N, 5.32; Cl, 7.12. 
AsC4oH46Cl2N 404lr requires C, 48.78; H, 4.71; N, 5.69; Cl, 7.20%. -ve FAB mass 
spectrum: calcd. (found), m/z 601.5 (601.0). *H (300 MHz, ppm): 1.46 (8H, m); 1.68 (8H, 
m); 2.92 (8H, pseudo-triplet); 7.62-7.83 (20H, m). 13C (300 MHz, ppm): 24.71, 25.99, 
27.89, 120.27, 131.53, 132.89, 134.99, 157.87. Electronic spectrum (CH2C12): Vmax/cnr1 
(e/cm ^M '1) 21 030 (s), 22 419 (sh), 26 290 (sh), 26 451 (sh), 29 677 (4600), 32 741 (sh), 
34 032 (sh), 36 603 (11 130), 36 806(11 135).
Note that the tetrabutylammonium salt of [Ir(C8doH)2Cl2]* has also been prepared : 
[nBu4N][Ir(C8doH)2Cl2] : (300 MHz, ppm): 0.98 (12H, t); 1.35-1.45 (8H, m); 1.55-1.58
(8H, m); 1.70 (8H, m); (8H, m); 2.90 (8H, pseudo-triplet); 3.19 (8H, m). 13C (300 MHz, 
ppm): 13.72, 19.69, 24.02, 24.78, 25.95, 27.91, 58.69, 154.05.
[Ir(C8doH)2(Cl)(PPh3)]
Method 1. [Ph4As]3[Ir2Cl9] (0.1 g, 0.06 mmol) and C8doH2 (0.04 g, 0.24 mmol) in 
butan-l-ol (15 ml) were heated at boiling temperature for 1 hour. The colour of the solution 
was a clear green/brown. To this was added PPI13 as a solid (0.032g, 0.12 mmol). The 
reaction mixture was heated at reflux for 72 h, yielding a green/orange coloured solution. The 
solvent was removed lin vacuo'.
The residue was dissolved in the minimum volume of dichloromethane and applied to a RP-8 
silica column using acetonitrile as eluant. The third fraction collected contained the desired 
product as identified by the characteristic splitting pattern in the !H NMR spectrum for an
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asymmetric C8doH2 complex. The solvent from this fraction was allowed to evaporate and the 
solid then recrystallised from dichloromethane/hexane to give a yellow/green solid. Yield 30%. 
Elemental Analysis: Found: C, 49.63; H, 5.27; N, 6.40. C34H4iClN404PIr requires C, 49.30; 
H, 4.98; N, 6.76. +ve FAB mass spectrum: calcd. (found), m/z 828.4 (827.7). !H (300 
MHz, ppm): 1.24 (4H, m); 1.49 (8H, m); 1.68 (4H, m); 2.01 (4H, m); 2.96 (4H, d oft); 7.61- 
7.53 (15H, m). 13C (300 MHz, ppm): 25.04, 25.74, 26.95, 125.75 (d, / ( 13C-31P) =60.5 
Hz), 128.30 (d, 7(13C-31P) = 10.9 Hz), 131.56, 134.00 (d, / ( 13C-31P) = 9.8 Hz), 157.95. 
31P-{1H} (300 MHz, ppm): 14.22. Electronic spectrum (CH2CI2): Vmax/cnr1 (e/cm^M-1) 24 
000 (16 000), 33 900 (14 550), 36 500 (15 700), 37 700 (16 050), 43 500 (sh).
Method 2. [Ir(C8d o H ) 2(Cl ) ( PPh3)] could also be prepared by reacting 
(Ph4As)[Ir(CgdoH)2Cl2] with excess PPh3. The progress of this reaction could be followed by 
'H NMR spectroscopy (as for the analogous rhodium reaction) and it was found to be extremely 
slow even at temperatures of the order of 120-150°C. Isolation of the final product again 
required column chromatography, as above.
[Ir(C8doH)2(Cl)(py)]
To cis'-[pyH][IrCl4(py)2] (0.1 g, 0.18 mmol) in butan-l-ol (20 ml) was added C8doH2 
(0.06 g, 0.35 mmol). The reaction was heated at reflux for 48 h. The initially pale yellow 
solution turned a green/yellow colour. The solvent was removed ‘in vacuo’ and the residue 
applied to a silica column using CH3CN as the eluant. A green/yellow fraction was collected. 
The NMR spectra showed this fraction to be still impure and so the product was applied to a 
preparative T.L.C. plate, again using CH3CN as the mobile phase. This time two 
greenish/yellow bands were obtained and the compounds were extracted using methanol. 
Unfortunately the yields of these two compounds were extremely low. The identification of the 
fractions was therefore carried out by NMR spectroscopy and mass spectral means only.
Fraction 1 : unknown compound. Suspected cw-[Ir(C8doH)2(Cl)(py)] from !H NMR 
spectrum. +ve FAB mass spectrum: calcd. (found), m/z 645.2 (646.0).
Fraction 2 : identified as tra«.s-[Ir(C8doH)2(Cl)(py)]. JH (300 MHz, ppm): 1.04 (4H, m); 1.44 
(8H, m); 1.71 (4H, m); 2.83 (8H, pseudo-t), 7.31(2H, t); 7.82(1H, t); 8.76(2H, d). 13C 
(300 MHz, ppm): 24.39, 25.75, 27.77, 126.63, 139.15, 152.09, 158.53. +ve FAB mass 
spectrum: calcd. (found), m/z 645.2 (646.0).
[Ir(C8doH)2(py)2][CF3S03]
Method 1. To £rarc.s'-[pyH][IrCl4(py)2] (0.1 g, 0.18 mmol) in butan-l-ol (20 ml) was 
added C8doH2 (0.12 g, 0.7 mmol) and Na2CC>3 (0.08 g). The pink starting material was 
initially insoluble. The reaction mixture was heated at reflux for 48 h during which time the 
reaction solution changed colour to green/yellow. The solvent was removed ‘in vacuo’ and the
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resulting solid dissolved in the minimum volume of methanol and purified on a silica column 
using methanol as the mobile phase. The bis-pyridine product was eluted off in the final (fifth) 
fraction as an intense yellow band. The solvent was allowed to evaporate yielding a yellow 
solid which was then dissolved in 10 ml of CH2CI2. To this 2 ml of 0.1 M methanolic 
CF3SO3H was added. The reaction mixture was heated at reflux for 12 h at which point diethyl 
ether was added dropwise until a fine yellow/green precipitate formed. The product was 
collected and washed with diethyl ether. Yield 22%.
Elemental Analysis: (for the Cl' sa lt): Found: C, 43.47; H, 4.81; N, 11.25. C26ClH36N604lr 
requires C, 43.12; H, 5.01; N, 11.60%. +ve FAB mass spectrum: calcd. (found), m/z 688.9 
(689.2). *H (300 MHz, ppm): 0.78 (8H, m); 1.38 (8H, m); 2.68 (8H, pseudo-triplet); 7.28 
(4H, t); 7.73 ( 2H, t); 9.00 ( 4H, t);. 13C (300 MHz, ppm): 23.19, 25.82, 27.63, 125.77, 
138.44, 153.23, 161.72. Electronic spectrum (CH2CI2): Vmax/cm'1 (e/cm^M-1 ) 23 387 (sh), 
24 597 (sh), 25 726 (sh), 32 400 (7700), 34 677 (sh), 38 065 (sh), 38 952 (13 580).
A5.1.3 Preparation of the Ruthenium a-Dioximato Complexes
0  A
[R u(dm gH )2(PPh3)2] was synthesised by a literature preparation. Yield 80%. 
Elemental Analysis: Found: C, 61.88; H, 5.18; N, 6.29. C44H44N4O4P2R.U requires C, 61.75; 
H, 5.10; N, 6.55%. +ve FAB mass spectrum: calcd. (found), m/z 855.9(856.3). *H (300 
MHz, CD2C12, ppm): 1.30 (12H, m); 7.22-7.43 (30H, m). 13C (300 MHz, ppm): 12.00, 
127.72, 129.53, 132.28, 134.40, 150.16. 31P-{!H} (300 MHz, ppm): 29.81. Electronic 
spectrum (CH2C12): v ^ x /o r r1 (e/cm^M-1) 27 250 (3000), 32 500(sh), 39 000 (20 000).
[Ru(C8doH )2(PPh3)2]
To [RuCl2(PPh3)2] (0.1 g, 0.1 mmol) in degassed methanol (20 ml) was added C8doH2 
(0.04 g, 0.2 mmol). The reaction mixture was heated at reflux for 24 h to give a clear orange 
solution. The reaction was taken off reflux and the mother liquor reduced in volume. As the 
flask cooled an orange solid precipitated. The solid was collected and washed with a small 
amount of degassed methanol followed by diethyl ether, and then dried ‘m vacuo’. Yield 70%. 
Elemental Analysis: Found: C, 64.55; H, 5.63; N, 5.19; P, 6.17. C52H56N4Ü4P2Ru requires 
C, 64.79; H, 5.86; N, 5.81; P, 6.43. +ve FAB mass spectrum: calcd. (found), m/z 964.1 
(963.9). JH (300 MHz, ppm): 0.81 (8H, m); 0.89 (8H, m); 1.88 (8H, pseudo-t), 7.23-7.55 
(30H, m). 13C (300 MHz, ppm): 24.21, 26.21, 26.77, 127.24 (t, / ( 13C -31P) =4.5 Hz), 
129.30, 131.84 (t, 7 (13C -31P) = 20.5 Hz), 134.98 (t, / ( 13C -31P) = 4.8 Hz), 155.06. 
31P-{1H} (300 MHz, ppm): 29.13. Electronic spectrum (CH2C12): Vmax/cnr1 (e/cm ^M '1) 
26 300 (4000), 32 500 (sh), 38 200 (20 000).
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[Ru(Ci2doH)2(PPh3)2]
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To [RuCl2(PPh3)2] (0.05 g, 0.05 mmol) in degassed methanol (20 ml) was added 
C i2doH2 (0.02 g, 0.1 mmol). The reaction mixture was heated at reflux for 24 h to give a clear 
orange/brown solution. The reaction was taken off reflux and the mother liquor reduced in 
volume. As the flask cooled orange crystals began to form. The crystals were collected on a 
scintered frit, washed with a small amount of degassed methanol followed by diethyl ether, and 
then dried ‘in vacuo'. Yield 82%.
The compound was identified by !H and 13C NMR spectroscopy as microanalysis did not give 
satisfactory agreement with calculated C, H, N values. A single crystal X-ray structure 
determination of a crystal of the compound grown from CH3C1/Et2 0  confirmed the bis- 
phosphine composition of the compound. Two molecules of CHCI3 were found per unit cell. 
This solvation problem, along with the potential hygroscopic nature of the compound described 
in §5.2.1.2 is believed to be the origin of the unsatisfactory microanalysis results.
*H (300 MHz, ppm): 1.67 (16H, m); 1.32 (16H, m); 2.15 (8H, pseudo-t), 7.23-7.55 (30H, 
m). 13C (300 MHz, ppm): 22.33, 23.46, 25.33, 26.19, 127.45 (t, / ( 13C-31P) =4.5 Hz), 
129.42, 131.65 (t, 7(13C-31P) =20.5 Hz), 134.56 (t, / ( 13C-31P) =4.5 Hz), 154.66. 31P- 
^H } (300 MHz, ppm): 24.45. Electronic spectrum (CH2CI2): Vmax/cnr1 (e/cm^M-1) 25 700 
(4500), 32 000 (sh), 36 400 (26 100).
A5.1.4 Preparation of [Au(CsdoH)2][AuCl4]
[Au(C8doH)2][AuCl4]
[Au(C8doH)2][AuCU] was synthesised using a modified procedure from literature 
involving the reaction of dmgH2 with H[AuC4].55 To a paste of H[AuC4] (0.35 g, 1 mmol) 
was added dropwise methanolic CsdoH 2 (0.35g, 2.1 mmol). A yellow/orange solid 
immediately began to precipitate out. The reaction was left to stir under N2(g) for 12 h. A deep 
amber solid was then collected, washed with small amounts of methanol and diethyl ether and 
dried *in vacuo'. Yield 82%. Elemental Analysis: Found: C, 22.28; H, 2.55; N, 6.11; Cl, 
16.86. C 16H26AU2CI4N4O4 requires C, 21.98; H, 3.00; N, 6.41; Cl, 16.22%. +ve FAB mass 
spectrum: calcd. (found), m/z 534.94 (535.1). *H (300 MHz, CD3CN, ppm): 1.55 (8H, m); 
1.77 (8H, m); 2.96 (8H, pseudo-triplet). 13C (300 MHz, CD3CN, ppm): 26.34, 26.37, 27.45, 
161.24.
Note that all attempts to remove the [AuCU]" counterion from [Au(C8doH)2][AuC4 ] were 
unsuccessful, thus hindering any attempts to carry out voltammetric measurements of the Aum 
compound.
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6.1 INTRO D U CTIO N
The structural aspects of complexes with dimethylglyoxime as a ligand have been 
rather well studied for a wide variety of transition metals in the periodic table and the 
detailed structures of a sizeable number of dimethylglyoxime complexes are have been 
determined from single crystal X-ray data (see for example Table 1.2 , Chapter l ) .1 The 
most prolific work has involved the crystal and molecular structures of the ‘cobaloximes’ 
containing the Co(dmgH)2 moiety, in a quest to address bioinorganic problems in the 
study of simple models for the vitamin B12 coenzyme. This has in turn led to interest in 
the corresponding rhodium derivatives or ‘rhodoximes’, in order to establish the relative 
roles played by steric and electronic effects in the homolytic cleavage of the Co-C bond in 
the B12 systems.2,3 Transition-metal dmgH' complexes have also proven important in 
the modelling of various stereochemical effects in octahedral complexes such as the trans 
influence,4 steric hindrances that govern the geometry of the equatorial fragment, and 
non-bonding interligand interactions. They have also contributed to the study of metal- 
m etal in te rac tio n .5,6 In particular, structures of compounds of the form 
[Rh(dmgH)2(PPh3)R], where, for example, R = Me,7 Et,8 CH2CH2,9 CECPh ,10 have 
been crystallographically determined in order to understand the mutual influence of 
ligands in organometallic compounds. (The trans influence of a-organo ligands has been 
of especial interest). Many of these aspects have already been discussed in previous 
Chapters.
The first of the organo-soluble a-dioximes to be structurally characterised within 
the series of complexes under study in this thesis was [Ni(Ci2doH)2] (Section 1.2 .1).11 
This was initially done in order to compare the solid state structure of this complex with 
that of [Ni(dmgH)2]. However, it also facilitated interpretation of other physical 
properties suspected to involve the solid state interactions in [Ni(dmgH)2j directly or 
indirectly, or requiring a detailed knowledge of the internal molecular geometry. 
Importantly, the molecular structure of [Ni(Ci2doH)2] was found to exhibit the same 
general characteristics shown by other bis(dioximato)Ni2+ complexes: although the 
molecule is not planar overall, the metal chelate rings are essentially flat and this extends 
to the Cß-atoms (see Figure 1.4 ). The structural data confirm that the ring is also large 
enough to ensure the complex is strain-free with respect to the imino carbon. The 
structural characterisation of [Ni(Ci2doH)2] was important in that it is one of the best 
examples of a Ni2+ dioxime H-bond (proton detected) reported to date and helped clarify 
the long standing controversy over whether the O-H--O bond of such complexes is 
symmetric or asymmetric, as discussed in Chapter 1. For [Ni(Ci2doH)2] the O-H—O 
bond was shown to be essentially linear and asymmetric.
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As well as the question of the symmetry of the O-H—O bond, trarcs-bisCdioxime) 
transition metal complexes have attracted considerable interest in terms of the role of 
protonation on the chemical reactivity of the complexes. For example, ligand 
substitution,12 decomposition,13 and alkyl transfer reactions14 have all been shown to 
display acid dependence, and this was proposed to be due to protonation of the dioxime 
ligands. This has promoted efforts to understand the structural changes induced by 
dioxime protonation from a functional as well as a structural viewpoint. There have been 
many conflicting proposals on how to formulate protonated rra/2s-bis(dioxime) transition 
metal complexes. For example, in the case of the cobalt complex [Co(dmgH)2Cl2], there 
were differing opinions as to whether it should be reported as the acid salt trans- 
H[Co(dmgH)2Cl2] containing a lattice proton,15 or as rrarcs-[Co(dmgH)(dmgH2)Cl2] 
where the site of protonation is an oxime oxygen atom.16 Bis(dioximeFl-) transition 
metal complexes usually exist in a trans configuration, where two intramolecular O-H—O 
hydrogen bridges link the dioxime ligands, via the oxime oxygen atoms, into one pseudo- 
macrocycle. However, additional protonation can perturb the structure and function of 
the dioxime complex. The proponents of the theory involving further protonation of an 
oxime oxygen atom, Gillard and Wilkinson,16,17 and later Crumbliss,18 employed 
infrared spectroscopy to support their arguments. The proposed structural changes from 
oxime protonation were supported in part by the single crystal X-ray structure of 
[Co(dmgH)(dmgH)2(C2H5)Cl]*H20, despite the lack of refinement of the bridging 
hydrogen atoms, and complication of assignment of the IR absorbances by the 
presence of a water of crystallisation. 19 In 1973 a crystal structure of 
[Rh(dmgH)(dmgH)2(Cl)P(C6H5)3]Cl was reported which included the refinement of 
hydrogen atoms. Protonation of trarcs-[Rh(dmgH)2(Cl)P(C6H5)3] was shown to occur 
at an oxime oxygen, breaking an O-H—O intramolecular hydrogen bond and causing a 
consequent shortening of the second O-H-O hydrogen bridge.
The classic O-H—O bond not disrupted in this manner has also received much 
attention with regard to the bonding forces in short hydrogen bonds. Many aspects of H- 
bonds are poorly understood and this includes the factors which cause the hydrogen bond 
to become shorter. With recent implication of strong hydrogen bonds as intermediates in 
enzymatic catalysis, this subject is of contemporary interest.21' 23
In summary, the chelating properties of macrocyclic ligands in general have long 
been of interest, and within the context of its classification as a 'pseudo -macrocycle, the 
bis-dioximato system is unique in providing a. flexible, rectangular, N4 cavity linked by 
the bridging O-H—O moiety. Given the innate solubility of the Cß and C12 complexes, 
cf. that of, for example, the dimethylglyoxime complexes, it seemed important to 
compare them with the behaviour of the dmgH- complexes in the solid state, especially
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where there existed the potential to draw correlations between molecular structure and 
other physical, and in particular, solution measurements of properties of these complexes.
Since the structure of [Ni(Ci2doH)2] was solved, the free CgdoH2 ligand has 
been characterised and twelve more X-ray structure determinations of bis-a-dioximato 
complexes involving the CsdoF^ and C ]2doH2 ligands have been elucidated in our 
laboratory. Nine of these are monomeric, three dimeric, and the structures involve metals 
from the 3d, 4d and 5d transition metal series. In fact, the structures survey every metal 
triad from the Fe group through to Cu/Au. In addition, X-ray structures have been 
elucidated for complexes with platinum in the II, III and IV oxidation states and this has 
provided a unique opportunity to explore the relationship between ligand structure and 
metal oxidation state.
6.2 RESULTS AND D IS C U S S IO N
Crystal data for the X-ray structure determinations of the twelve dioximate 
complexes and for the CsdoF^ ligand are presented on the following pages. Details of 
crystal growth are given in the dioxime Experimental Section. Selected bond lengths and 
angles for the structures elucidated during the course of this work are given in 
Appendices 6.1 - 6.7. The appropriate perspective views of each molecule and ORTEP 
diagrams indicating the numbering schemes used in each case are also provided 
throughout this Chapter. Tables 6.1 and 6.2 present important interatomic dimensions 
(selected averaged bond lengths and bond angles, respectively) for the series of 
[M(diox)2] complexes that have been structurally characterised, as defined in Figure 6.1. 
In these Tables the bond lengths are averaged and then approximated to the second 
decimal place, the bond angles to the first decimal place. While the actual precision of the 
crystallographic results is higher in many cases, the average values are easy to deal with 
and have been listed as such. The coordination plane for these molecules is clearly 
rectangular and in Table 6.1 the short N -N  edge refers to the oc-diimine bite, whereas the 
long N—N edge is that subtended by the 0 - 0  non-bonded separation. Four of the 
structures exhibited disorder in the carbocyclic chains, namely [Cu(CgoH)2]2, 
[Pt(CgdoH)2Cl]2, [Pt(Ci2doH)2Cl]2, and (Ph4As)[Rh(CgdoH)2Cl2]. In these cases, the 
disorder was resolved into two positions. For example, disorder of the CH2-carbon 
atoms of [Pt(CgdoH)2Cl]2 was resolved into a 50/50 model for C(225) and C(226) only. 
In several notable cases the mean bond lengths and bond angles presented in Tables 6.1 
and 6.2 obscure the underlying asymmetry of the compounds in question. For this 
reason extensions to these Tables have been provided (Tables 6.3 and 6.4, respectively) 
in order to highlight these exceptional cases.
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N-N short
N-N long
Figure 6.1 Definition of bond lengths and angles for the bis( a-dioximato) complexes.
Throughout the following discussion of the Cs/^doH' structures listed in Table 
6.1, comparisons are made to related literature compounds. In the majority of cases, 
e.s.d. values are quoted with the relevant bond lengths and angles. Where this is not the 
case, it is because they have not been reported.
Many of the complexes listed in Table 6.2 have direct dimethylglyoxime 
analogues, for example [M(dmgH)2 ] where M = Ni, Pd, Pt, and 
[Rh(dmgH)2(Cl)(PPh3)]. A characteristic feature of particularly the Mn -dmg complexes 
is their propensity to form relatively short intermolecular contacts in the crystal lattice, as 
discussed in Chapter 1 and as highlighted in Table 1.2. By contrast, the structurally 
characterised organosoluble dioximato complexes forming the basis of this study no 
longer, in the majority of cases, exhibit these close contacts. Two exceptions are found 
in the centrosymmetric [Cu(CgdoH)2]2 which may be thought of as a ‘slipped dimer’, 
and [Au(CgdoH)2][AuCl4] whose intermolecular contacts result in a stacked network of 
molecules in the solid state. Thus, although the overall molecular structures of the 
dioximato chelates offer no surprises, some of the finer details are of interest, particularly 
with regard to the hydrogen bonds of the heavier transition metal dioximes. An initial 
account of the more general features common to the [CndoH2] complexes as a whole will 
therefore be given. Where appropriate, this will be followed by a detailed discussion, on 
an individual basis, of the more unusual aspects of the complexes, and analogies will be 
drawn with dimethylglyoxime (in particular) complexes, where they exist.
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6.2.1 General Considerations
The main features of bis(dimethylglyoximato) complexes are well established and 
these are generally conserved in the structures of the organosoluble analogues discussed 
here. The glyoximato residues coordinate in the equatorial plane of the four-coordinate, 
five-coordinate, six-coordinate, and ‘pseudo six-coordinate’ complexes listed in Table 
6.1, and function as A, A-bidentate ligands, forming five-membered chelate rings upon 
coordination in each case - as is the case for analogous complexes of dime thy 1-gly oxime. 
The me ta l  a t oms  in all e x ce p t  six o f  the  s t r u c t u r e s  
([Pt(C8/ i2doH)2Cl]2, (Ph4As)[Rh/Ir(C8doH)2Cl2]-HCl, [Rh(C8doH)2(Cl)(PPh3)] and 
[A u(C8doH )2][A uCl4]) adopt special positions on the inversion centre. The six- 
coordinate complexes ail exhibit octahedral frarcs-arrangements with the additional ligands 
occupying axial positions of the M octahedron, where M = Ru11, Ir111, Rh111, Ptiv . 
Likewise, the dimeric Ptm complexes may be thought of as ‘pseudo six-coordinate’ with 
a [PtIII(CndoH)2Cl] residue occupying one axial position, and a chloride ion the other. 
Although the molecules are not planar overall, the chelate rings are essentially flat, this 
extending to the Cß-atoms. The extended carbocyclic (CH2)4 segments not restricted to 
planarity (Cy and Cg for the C8 ligand, Cy —> for C 12) fold outward in every case. 
Thus, in the binuclear Ptin systems where each ligand folds away from the other Pt centre 
(rather than enclosing the metal ion), there is no apparent hindrance to dimerisation.
The general trends in bond lengths and angles follow closely those of the 
dime thy lgly oxime analogues. The interatomic metal-ligand distances change in parallel 
with the change in the atomic radii of the metals. Thus, Ni2+ exhibits the smallest M-N 
distances at (1.861(2) - 1.864(2) A), while [Rhm (C8doH)2Cl2]' shows the largest M-N 
bond lengths (followed closely by Ir3+ and Ru2+). The similarity in the Pd- and Pt- 
nitrogen bond lengths and non-bonded nitrogen distances in [Pd(C i2doH) 2] and 
[Pt(C i2doH)2] can be explained by the ‘lanthanide contraction’ phenomenon which 
imposes a similar ionic radius on 4dn and 5dn transition metals of the same group. 
Likewise, the closeness of the distances in the iridium and rhodium dichloride complexes 
is anticipated since the atomic radii of Ir and Rh are close to each other (1.35 and 1.34 A, 
respectively). Further examination of Table 6.1 reveals that the C=N and N -0  distances 
and are found to remain remarkably constant at around 1.30 and 1.34 Ä, respectively, 
although there is a lengthening in the N -0  bond by ca. 0.02 Ä for the Ru, Rh and Ir 
structures. On comparing the distances with those of the free ligand, C8doH2, two points 
emerge: (i) the N-O distance is considerably shortened on complex formation and is 
sensitive to the coordinated metal ion and oxidation state; (ii) the C=N length remains 
relatively unaffected in most cases. Such changes (and lack thereof) in the N -0  and C=N 
distances have also been observed in the dmgH- structures. The possible significance of
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the bond length data in the dmgH* complexes was noted previously with regard to the 
infrared spectra. In comparing the alkali metal dioximate salts to the dioxime transition 
metal chelates, the N -0 stretching frequencies in the infrared of the latter were found to 
increase considerably while the effect on the C=N frequency was found to be much less 
dramatic.1 As well as the C=N values, the C-C distances for the C% and C 12 ligands are 
also very consistent and average approximately 1.51 - 1.52 Ä.
Another result of complex formation is that the angle CNO (or y, Table 6.2, 
Figure 6.1) usually opens up by about 6 - 1 0 °  from the free CgdoH2 ligand value of 
~ 113.9 (2)° (-112° for dmgH2). This is also true of the C \2 complexes if we assume the 
value of y would be similar in the X-ray structure of the larger carbocyclic ligand. The 
increase in the value of y again depends on the coordinated metal and its oxidation state, 
the effect being most noticeable for Ptm and PtIV where an increase of -10° is observed 
(the value changes by only 6.5° for Ptn ). There is a concomitant decrease in the value of 
8 compared to the free ligand, although the variations are much smaller as the flexing of 
this angle is presumably somewhat moderated by the restricted movement about the imino 
carbons of the carbocyclic rings. Likewise, the angles a  and ß also increase and 
decrease, respectively, with the different coordinated metals, although, again, the 
variation in values is smaller and these angles are less sensitive to the identity and 
oxidation state of M compared to y (a  increases by ~6° in the case of the Irm and Ru11 
complexes, compared to, for example, [Cu(CsdoH)2], while ß contracts by only ~4°, 
through to a minimum value of 76.1° in [Ru(Ci2doH)2(PPh3)2]). It may be noted that 
the sum of the angles a  and ß is very close to 180° in all cases. The flexing of angles a  
and ß as indicated are accompanied by changes in the N—N long and N -N  short non- 
bonded contacts, as is to be expected, and also by alterations in the intramolecular bridged 
0 - 0  distances. For the given ligand systems, the expansion of 0 - 0  parallels increases 
in metal atomic radii, as was noted for changes in the angles a ,  y, and in the N—N 
distances, although oxidation state and axial ligands, where appropriate, also appear to 
have quite marked effects.
6.2.1.1 The O-H—O Linkage Between Glyoxime Ligands
It is the unusual flexibility of the O-H--O moiety that, while holding the dioximato 
complex together in one psewdo-macrocyclic unit, also allows for the subtle changes in 
0 - 0  and N--N distances, and in the angles a  —» 8, as outlined above. The resulting 
dimensional variability of the rectangular cavity lends a degree of versatility to this 
dioximato framework seldom seen in other macrocyclic systems.
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Of the complexes listed in Table 6.2, the M11 (M = Ni, Pd, Pt), PtIV, Ru11, Aum 
and [RhIn(C8doH)2(Cl)(PPh3)] complexes all show the classic bis -asymmetric' O-H—O 
linkage in operation.
The implications of the 0 - 0  distances in previously published oxime structures 
with regard to the question of the symmetry of the discrete hydrogen bonds has already 
been discussed in some depth, in as much as structures with 0 - 0  separations less than 
2.5 Ä were previously proposed to have the hydrogen atom centred in an essentially 
symmetric position (an 0 - 0  distance shorter than 2.4 Ä is made improbable by oxygen- 
oxygen repulsion). Thus, observed trends in 0 - 0  distances meant that nickel dioxime 
complexes were originally thought to involve symmetrical hydrogen bridging while other 
dioxime structures were proposed to contain unsymmetrical bridges. As stated, the 
meaningful refinement of the hydrogen atom position in [Ni(Ci2doH)2] (where 0 - 0  = 
2.449(2) Ä) showed this assumption to be in error.
The 0 - 0  separation in [Ni(Ci2doH)2l is the shortest of the structures listed in 
Table 6.1 and is in fact the shortest 0 —0  distance reported for M n -dig lyoxim e 
compounds to date. Such a short 0 - 0  separation indicates the presence of rather strong 
hydrogen bonds which serve to ‘strap’ the dioximato ligands together, just as has been 
observed in other similar nickel dioxime complexes. The hydrogen atom involved in the 
H-bond of [Pd(Ci2doH)2] was also detected and refined isotropically such that in the 
bridging linkage two different O-H distances were determined (0.97(5) Ä and 1.68(5) Ä). 
The 0 - 0  separation for [Pd(Ci2doH)2] (2.642(5) Ä) is nearly 0.2 Ä longer compared to 
the nickel complex and illustrates the flexibility of the dioxime hydrogen bond in being 
able to accommodate metals of larger atomic radii (the ionic radius of Ni2+ (0.63 Ä)24 is 
much smaller than that of Pd2+ (0.86 A).25 This is even more marked in the 0 - 0  
separation of 2.914(6) Ä observed in the crystal structure determination of sterically 
crowded [Ru(Ci2doH)2(PPh3)2]. This non-bonding distance is notably longer than the 
other 0 - 0  values listed in Table 6.1 by approximately 0.24 - 0.46 A (not withstanding 
inclusion of the Rh111 and Irni complexes where the normal mode of O-H—O bonding has 
been broken by further protonation of the oxime oxygen atoms (see later). It is clear from 
the data presented in Table 6.2 that while the expansion of the coordination cavity causes 
the 0 - 0  separation to become larger, it also causes the angle y to simultaneously expand. 
If anything, the expansion of y should force the oxygen atoms together, and thus the N— 
N long non-bonded contact appears to be affected most dramatically of all the variables 
as it expands in concert with 0 - 0 .
In contrast to this 'concertina' effect on the 0 - 0  separation, influenced by the 
steric demand of the coordinated metal ion pictured above, the 0 - 0  distance has come
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under scrutiny in terms of the chemical forces which allow strong hydrogen bonds to 
exist, as was mentioned in the Introduction. Within the myriads of structures containing 
H-bonds of various forms, it has been shown that steric effects alone can cause 
considerable shortening of the 0 - 0  distance and/or flexing of the 0-H--0 angle, while 
factors such as crystal packing forces may also exert an influence. However, where 
steric factors are constant in a family of related structures, it has been suggested by 
Brown that the 0 - 0  separation is determined primarily by electrostatic repulsion between 
the oxygen atoms of the O-H—O moiety. This conclusion was recently addressed by 
See et al. who undertook a study of the short intramolecular H-bonds of a series of d8 
MI][-diglyoxime compounds as a function of the electronic effects of the glyoxime 
substituent groups, on the premise that the steric factors in these compounds should be 
approximately equal. Hammett parameters (ap) were used as an index of these 
electronic effects. It was concluded that close approach of the oxygen bridging atoms 
is aided by electron withdrawing substituents on the dioxime ligands. These were 
expected to reduce the partial negative charges on the oxygen atoms. The results were 
taken to be in agreement with the conclusion of Brown, and with previous observations
91by Gilli of delocalised multiple-bond character in the region of strong hydrogen bonds.
This study by See et al. also included results from their own crystallographic 
characterisation of [Pd(dpgH)2] which has the shortest documented 0 - 0  separation for a 
palladium-diglyoxime structure to date (2.550(10) A). By comparison, the 0 - 0  
separation for our own Pd-diglyoxime complex, [Pd(Ci2doH)2], incorporating a 
carbocyclic moiety proven to be electronically innocent, is only 0.092 Ä longer than the 
value for [Pd(dpgH)2], at 2.642(5) A. Moreover, our value coincides with the 0 - 0
o o f tdistance reported for the structurally analogous [Pd(dmgH)2] (2.623(4) A) and for that 
matter [Pt(dmgH)2] (2.641(19) A), which is to be expected due to the similarity of the 
atomic radii of Pd and Pt (as a result of the lanthanide contraction). It is notable that See 
et al. found that the data for [Pd(dmgH)2] did not fit their proposed trends and was thus 
described as 'anomalous' and excluded from their mathematical correlations. Electronic 
effects can also not account for the small 0 - 0  separation observed in [Ni(Ci2doH)2] of 
2.449(2) Ä which is comparable to the results documented for other Ni dioxime 
complexes with methyl (2.462 Ä) or methyl/ethyl (2.454(5) Ä) groups as 
substituents.30,31 The most ready explanation for the contracted 0 - 0  distances in these 
cases would appear to be the smaller ionic radius in the Ni2+ ion.
A final point which must be made in relation to the work by See et al., is the fact 
that although no special mention of the orientation of the phenyl moieties is made, it is 
apparent from the ORTEP diagram of [Pd(dpgH)2] that the phenyl groups are oblique to 
the N4 plane of the palladium complex. Given that this is the case, there would appear to
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be no 7i-wise route by which the phenyl groups can withdraw electron density from the 
chelate ring so as to reduce the charge density on the oxygen atoms of the O-H—O 
system. It is for this reason that -H and -Ph have virtually indistinguishable Hammett o p 
substituent values (0.00 and 0.01, respectively). Any analysis that depends on arbitrarily 
discarding the innocent parent dmgH‘ complexes (R = Me) thus seems futile. Their 
arguments therefore seem to be misguided and erroneous and certainly offer no 
explanation for the short, non-bonded separations between the oxime oxygens observed 
in the organosoluble Mn dioximato complexes presented here.
Another proposition regarding the 0 - 0  distance between glyoxime ligands is the 
previous suggestion that they are an important guide to the position of the hydrogen atom 
in the intramolecular bridge (when this atom cannot be located directly, which is usually 
the case). This rule of thumb holds that as the 0 - 0  distance increases above 2.4 A, one 
can be confident that the hydrogen atom is unsymmetrically located at about 1 Ä from one 
of the oxygen atoms.26,32,33 The data obtained for the complexes in Table 6.1 are 
consistent with this proposal, especially where the hydrogen atoms of the oxime bridges 
have been meaningfully refined, and it is clearly observed in the structures of 
[Pdn (C i2d oH )2] ( 0 - 0  2.642(5) Ä, O l-H  0.97(5) Ä, 02-H  1.68(5) Ä) and 
[PtIV(C8doH)2Br2] ( 0 - 0  2.688(5) A, Ol-H 0.86(5) A, 02-H  1.83(5) A). Again, the 
Rh111- and Ir111- dichloride data present notable exceptions to the pattern of dioxime 
hydrogen bonding normally observed and these will be discussed separately below. 
However, the corollary that for 0 .. .0  < 2.4 A, the H atom is symmetrically shared, is 
disproved by our data (see for example, [ N i ( Ci 2 d o H ) 2 ], or even 
(Ph4As)[Rh(C8doH)2Cl2] which contains an 0 - 0  separation of 2.448(5) A, and yet an 
asymmetrically distributed O-H—O system).
6.2.1.2 N-0(oxime) and M-N(glyoxime) Bond Lengths
Like the 0 - 0  distance, the differential N-O bond distances in our work appear to 
be well correlated with the position of the hydrogen atom between the oxygen atoms of 
the two oximes. This has also been observed for other rrarcs-bis(dioxime) transition metal 
complexes. Dissimilar N-O bond lengths have long been taken to imply that the proton 
lies closer to that oxygen atom which is associated with the longer N-O 
distance.18,26,33,34 In a similar manner, observed M-N distances have been related 
empirically to the N-O distances, and thus to the protonation or non-protonation of the 
neighbouring oxygen. Somewhat counter intuitively, the shorter M-N bonds (with 
corresponding longer N-O) have been associated with the protonated side of the oxime. 
Taking [PtIV(C8doH)2Br2] as an example in which the oxime proton of the hydrogen 
bridge was meaningfully refined, this complex exhibits N-O distances of N(1)-0(1)H
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1.364(6) Ä, N(2)-0(2) 1.308(6) A, and PtIV-N distances of PtIV-N(l) 1.990(4) A, PtIV- 
N(2) 2.005(3) Ä. The crystal structure of [PtIV(CsdoH)2Br2] does indeed show the 
hydrogen of the intramolecular bridge as being located nearer to the oxygen with the 
longer N-0 distance, i.e., 0(1). In turn, the nitrogen of this bond forms the nominally 
shorter of the two M-N bonds. However, these 1% differences in M-N bond lengths are 
experimentally marginal (< 3g) and therefore most probably are chemically meaningless. 
Thus, although it might be thought that protonation would reduce the donor power of the 
ligand (N-0 bond length weakened), it would appear that, in fact, it does little to affect 
the M-N bond length. In the Ni, Pd, Pt Cs/ndoH* complexes listed, the MN4 plane 
remains almost symmetric, and if anything, the M-N(OH) distance is the shorter.
As a final point, it is worth noting that the bond lengths and angles of all these 
dioximato complexes are not separate entities in their own right, but are intimately 
interrelated. Thus, change in one variable will presumably have repercussions elsewhere 
in the molecule. To assess the trends in bond lengths/angles further than the given 
e.s.d.'s warrant is therefore a futile exercise, especially where more than one factor may 
be at play.
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6.2.2 [C8d o H 2]
An ORTEP diagram of the neutral (i.e., protonated) C% ligand with atomic 
numbering scheme is depicted in Figure 6.2 (see also Appendix 6.1). The most 
noteworthy feature of this structure is the way in which the unstrained eight-membered 
hydrocarbon ring of [CsdoF^] confines the free a-dioxime ligand to its metal-chelating 
conformation. Thus, the pre-formed Cs ligand is 'pinned', as it were, into a cis 
conformation and predisposed to metal coordination. This compares to the trans 
conformation of many known a-dioximes. For example, the single crystal X-ray 
structure35 and the structure obtained by neutron diffraction are both documented for 
dmgH2- In the solid state, the trans orientation of the dimethylglyoxime molecule is 
found to occur exclusively , and thus for coordination to occur the ligand must be free to 
rotate about the central C-C bond upon dissolution.
Figure 6.2 ORTEP diagram of the neutral [CgdoH2] ligand.
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Although the molecular structure of [CsdoH2 ] naturally does not exhibit the 
characteristic pairs of coplanar hydrogen bonds, due to its uncomplexed state, it does 
however, show a very interesting extended array of intermolecular hydrogen bonding. 
Looking at the arrangement of only a few molecules in isolation, it appears superficially 
that the [CsdoF^] molecules are arranged in H-bonded ‘pairs’ or ‘chains’. However, a 
closer look at the extended crystal packing diagram illustrated in Figure 6.3 shows the 
way in which each molecule is in fact linked to another by two different forms of 
hydrogen bonding, forming a rather complex three dimensional network of hydrogen 
bonds. In the first of these hydrogen bonds, an OH of one [CsdoH2 ] unit is hydrogen 
bonded to the oxygen atom of another; the second kind of hydrogen bond involves the 
free oxime hydrogen of the first unit forming another hydrogen bond with the nitrogen 
atom of a third [Cgdo^] molecule. These hydrogen bond distances as described, and 
the appropriate angles, are listed in Table 6.5. The N(l)-H(2) contact is some 0.3 Ä 
shorter than the 0(2)-H (l) distance, and as indicated the 0(2)-H-N(l) angle is almost 
linear whereas the other is not. The result of this intricate network of hydrogen bonds is 
most clearly seen in Figure 6.4 from which the dashed lines representing the hydrogen 
bonds have been removed. One C% unit appears to be stacked snugly on top of another 
and these units are then further linked to other ‘pairs’ at discrete intervals, by the two 
types of hydrogen bonds.
Hydrogen bonds
A H B A-B A-H H -B A-H-B
0(1) H(l) 0(2) 2.813(2) 0.89(4) 2.12(4) 135.0(3)
0(2) H(2) N(l) 2.724(3) 0.91(3) 1.82(3) 176.0(3)
Table 6.5 Hydrogen bond distances (Ä) and angles (°) observed in the CgdoH2 lattice.
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Figure 6.3 Extended crystal packing diagram o f [CgdoH2] projected on the 'ab' plane. 
The dashed lines indicate the two different forms o f hydrogen bonding in operation which 
result in a complex three dimensional network o f hydrogen bonds in the crystal lattice.
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Figure 6.4 Extended crystal packing diagram fo r  [CgdoH.2]. The dashed lines 
showing hydrogen bond contacts have been omitted (c f Figure 6.3).
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6.2.3 [Cu(C8doH)2]4.C6H6.C6H i437
The unit cell of [Cu(C8doH)2]4.C6H6-C6H i4 contains two virtually identical but 
crystallographically independent molecules. Hydrogen atoms were positioned 
geometrically and not refined, except the H atoms on the oxime O atoms which were 
located in a difference density map and refined positionally. A perspective view of the 
dimeric complex with the atomic numbering scheme and hydrogen bonding is depicted in 
Figure 6.5. Only one ORTEP diagram has been chosen for the two molecules showing 
how the complex is composed of neutral centrosymmetric dinuclear [Cu(CsdoH)2]2 units 
linked by van der Waals forces. The two halves of the dimer are staggered so that the 
metal atom of one unit is directly opposite an oxygen atom of the other. This structural 
feature has previously been observed in the copper(II) complexes [Cu(dmgH)2]238,39 and 
[Cu(Hbdmg)]2[CK)4]2,4  ^ and more recently in the two related dinuclear compounds, 
[Cu(Hdeg)2]2 and [Cu(Hchd)2]2-41 In fact, the latter complex is the six-carbon 
analogue of the Cg-copper(II) complex presented here.
C122
Figure 6.5 Thermal ellipsoid diagram of one of the crystallographically independent 
centrosymmetric [Cu(CsdoH)2]2 dimers showing labelling scheme o f selected non­
hydrogen atoms. Carbon atoms are labelled sequentially C(nml) to C(nm8) around each 
ring in the direction shown. Ellipsoids show 50% probability levels and hydrogen atoms 
are omitted (with the exception of the oxime H atoms which are drawn as small spheres).
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The environment of each copper atom in [Cu(CsdoH)2]2 is a distorted square 
pyramid CUN4O. The basal plane comprises the four oxime nitrogens from two CsdoH 
ligands. In Figure 6.5 these four atoms are displaced 0.052(3) Ä [N(l 11) and N(122)] 
below and 0.053(3) Ä [N(l 12) and N(121)] above the mean basal plane. The lengths of 
the four equatorial bonds to Cu(l) span a narrow range [1.948(3) - 1.961(3) Ä] and are 
similar to those reported for the related complexes [Cu(dmgH)2]2 (1.946(4) - 1.968(4) Ä) 
and [Cu(Hbdmg)]2[C104]2 (1.957(4) - 1.992(5) A). The axial coordination site is 
occupied by the oximate oxygen 0(111') of the atom of the other unit. The axial bond is 
somewhat longer [2.330(2) Ä for Cu(l)-0(111')] than the equatorial ones and compares 
well with those reported for [Cu(dmgH)2]2 (2.301(3) A) and [Cu(Hbdmg)]2[C104]2 
(2.266(3) A). The copper atom is displaced by 0.260(1) Ä towards the apex of the 
pyramid (0.31 and 0.297 Ä in [Cu(dmgH)2]2 and [Cu(Hbdmg)]2[C104]2, respectively). 
The Cu(l)N(l 11)0(11 l)C u (l' )N(111 ' )0 (111 ')  ring exhibits a chair conformation. 
The intra-ring bond angles are 89.49(9)°, 122.2(2)° and 100.2(1)° for 0(111' )-Cu(l)- 
N (lll) , Cu(l)-N(11 l)-O (lll)  and Cu(l)-0(111' )-N(l 11 '), respectively. The latter 
angle is close to the values of the equivalent angle in [Cu(dmgH)2]2 (102.46(22)°) and 
[Cu(Hbdmg)]2[C104]2 (107.9(3)°). Within the dimers the metal-metal distances are 
C u (l)—Cu(T) 3.777(1) Ä (related by the symmetry operations -x, -y, -z) and 
Cu(2)-Cu(2’) 3.776(1) Ä (1-x, 1-y, -z). The analogous distances are 3.849 A and 
3.909 Ä in [Cu(dmgH)2]2 and [Cu(Hbdmg)]2[C104]2, respectively (i.e., slightly longer).
An oxime proton is lost from each CsdoF^ in forming the dimeric complex and 
the resulting anionic species is bound to the copper(II) ion through the oxime nitrogen 
atoms in a chelating fashion, as indicated above for all of the bis-dioximato complexes 
discussed here. The two [Cu(CsdoH)2] halves adopt an umbrella shape, the magnitude 
of the angle between the mean planes of the two five-membered rings being 17.51(8)°. 
Within the [Cu(CgdoH)2] moiety the remaining oxime proton in each CsdoH ligand 
forms a hydrogen bond with the deprotonated oximate oxygen atom, the oxygen-oxygen 
distances being 2.678(3) and 2.604(4) A for 0 —0(111) and 0(112)—0(122), 
respectively (1.66(4) Ä and 166(3)° for 0(111)-H(121) and 0(121)-H(121)-0(111); 
1.88(4) Ä for 0(122)-H(112) and 171(5)” 0(112)-H(112)-0(122)). For the second 
crystallographically independent [Cu(CsdoH)2]2 molecule the 0 - 0  distances are 
2.683(3) and 2.565(4) Ä while the O-H—O angles are 169(4) and 173(5)°, respectively. 
These values are similar to the hydrogen-bonded oxygen-oxygen distances observed in 
the related copper(II) complexes [Cu(dmgH)2 ]2 , [Cu(Hbdmg)]2 [C1 0 4 ]2 , 
[{Cu2(dmgH)2(dmgH2)}2(H2 0 )2][C1 0 4 ]2-H2Oand [{Cu2(dmgH)(dmgH2)}2 
(S0 4 )]-2 .5H2 0 . The fact that the 0(111) atom is axially bound to the Cu(l') atom 
accounts for the significant lengthening of the 0(111)-0(121) bridge with respect to the 
0(112)-0(122) bridge which is not involved in binuclear contact.
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There are two types of nitrogen-oxygen bond: N(121)-0(121) and N(122)- 
0(122) (average 1.384(4) A) and N(122)-0(122) and N (111)-0(111) (average 1.311(4) 
Ä), the shorter bond distance corresponding to the deprotonated N-O (oximate) groups. 
This is in agreement with the greater double bond character of the latter. Likewise, there 
are two types of C-N bonds: C( 111)-N( 111) and C(122)-N(122) (average 1.298(4) Ä) 
and C(121)-N(121) and C(112)-N(112) (average 1.279(4) Ä). The larger of the two 
distances is associated with the deprotonated N-O groups.
In summary, [Qi(CgdoH)2]2 is a member of a group of structurally characterised 
dimeric copper(II) complexes exhibiting dimerisation through out-of-plane oxime to metal 
bonds. In particular, the compounds are of contemporary interest due to the remarkable 
ability of the in-plane oximato bridge to transmit strong antiferromagnetic interactions 
between paramagnetic centres which are separated by more than 3.5 A. This 
phenomenon is still under study by magnetochemists today.
6.2.4 [Au(C8d o H ) 2] [ A u C l 4]
A  perspective view of [Au(CgdoH)2][Au0 4 ] with the atomic numbering scheme 
is depicted in Appendix 6.2, Figure A6.2. To the best of our knowledge, this is the first 
crystallographic structure of a gold dioxime complex ever reported.
The Au-N bond lengths range from 1.95(1) - 2.013(9) Ä and the Au-Cl bond 
lengths of the [AuCU]- counterion from 2.269(4) - 2.290(4) Ä. Although the 
coordination geometry of [Au(CgdoH)2][Au0 4 ] is ostensibly four coordinate, square 
planar, an interesting facet of this structure is the short intramolecular contacts between 
the Aum atoms of the [Au(CgdoH)2]+ units and the chlorine atoms of the [AuCU]- 
counterions, both above and below, in the crystal lattice. This effectively renders the 
complex six-coordinate and is highly reminiscent of the other structurally characterised 
Group 11 complex discussed above, namely [Cu(CgdoH)2]2- Figure 6.6 shows the way 
the cations and anions are staggered and linked by dipolar forces. The A u(l) atom of 
each Cg molecule is directly opposite a chlorine atom, 0 (1 ) ,  of one [AuCU] anion and 
further linked to the 0 (4 )  atom of another crystallographically independent (but related by 
symmetry) [AuCU]- unit. The nonbonded contact distances are A u(l)-C l(l) 3.253(4) A, 
Au(l)-Cl(4) 3.473(4) Ä. The interlocking nature of these interactions extends in three 
dimensions in the [Au(CgdoH)2][AuCl4] unit c e ll.
A com parison of the values of the bond lengths and angles of 
[Au(CgdoH)2][AuCl4] with the other complexes of Tables 6.1 and 6.2, respectively, 
offers no surprises except that the intramolecular O-H—O angle is considerably smaller
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Figure 6.6 Packing diagram o f [Au(CgdoH)2][AuCU] illustrating the short 
intramolecular contacts between the Au111 atoms o f the [Au( CgdoH)2]+ cations and Cl 
atoms o f the [AuCU f counterions.
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(.i.e., more bent) than those of the other dioximato complexes discussed thus far (0(21)- 
H(21)—0(11) 149.6°, 0(22)-H(22)—0(12) 145.7°). On the basis of the H-atom 
positions determined from a Ap map (but not refined), both hydrogen bridges in the 
Au(CgdoH) 2  unit are unsymmetrical (0(21)-H(21) = 1.08, 0(11)—H(21) = 1.65 Ä; 
0(22)-H(22) = 1.05, 0(12)—H(22) = 1.73 Ä). It should be noted however, that H(22) 
was not located with any degree of certainty and therefore the 0-H distance associated 
with this atom is very approximate. For this reason it has not been included in the 
ORTEP diagram showing the labelling scheme. However, the N-O distances in the 
complex are sufficiently similar (1.30(1) - 1.34(1) Ä) to establish that interaction of the 
oxime H atom with both oxime O atoms is occurring (as opposed to the situation where 
0 - 0  separations are too large for effective hydrogen bonding, resulting in very unequal 
N-0 lengths).
Finally, although structurally characterised gold(III) macrocyclic complexes are 
relatively rare, comparison of our gold(III) a-dioxime can be made with the ß-diiminato 
tetraaza macrocyclic gold(III) complex (I), illustrated below.42 Although electronically 
quite different with delocalisation within the six membered ring of I, the angle subtended 
by the N-N short edge, ß, of 79.4(2)°, is the same as that for [Au(CgdoH)2 ][AuCl4 ]. 
The mean M-N distance in I of 1.978(5) Ä is -0.01 Ä shorter than in the dioxime while 
the N-Aum-Nav angle, a, of 96.2(2)° is -4° smaller.
— N ß
Figure 6.7 Structure of 5,7,12,14-tetramethyl- 1,4,8,11- tetraazacyclotetradeca-
4,6,11,13- tetraeneto) gold(III)42
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6.2.5 [MI I ( C 12d o H ) 2] (M  = M , Pd, Pt)
The isomorphous C \2 complexes listed in Table 6.1 (see also Appendix 6.3) have 
their direct dimethylglyoxime analogues in the [Mn(dmgH)2] compounds where M = Ni, 
Pd and pt.28’30’43 in addition to the dimethylglyoxime analogues there are five other 
previously reported Ni(II)-diglyoxime structures with various substituents, five Pd(II)- 
and three other Pt(II)-diglyoxime structures. These are listed in Table 6.6 along with 
their reported 0 - 0  separations. A common feature of the dmgH' structures is their 
propensity for forming relatively short intermolecular contacts in the crystal lattice, with 
M -M  partial bonding, as mentioned in Chapter 1. However, the organosoluble M11 
derivatives do not exhibit these close contacts. The [MII(C i2doH)2] complexes are 
clearly four-coordinate; there are no groups in the vicinity of the vacant coordination sites 
that could serve as axial ligands. The M-N4av bond lengths for [Mn(C i2doH)2] (M = Ni, 
Pd, Pt) increase between Ni and Pd, parallelling increases in the atomic radii (the increase 
from palladium to platinum is negligible due to the 'lanthanide contraction', as mentioned 
above), and there is good general agreement between the bond lengths listed in Table 6.1, 
and the analogous bond distances reported for the dmgH' complexes. For example, 
average M-N, N-O, C=N, and 0 - 0  distances ([Ni(Ci2doH)2] distances in brackets) are 
1.85 (1.86) Ä, 1.36 (1.35) Ä, 1.29 (1.30) Ä and 2.40 (2.45) Ä, respectively.
The [Mn(Ci2doH)2] complexes as shown in Figure 6.8(a) represent an apparent 
“structural norm” in that the C 12 rings fold outward in opposite directions, one pointing 
upwards, the other down. Of the solved Cs and C 12 structures, there are only four 
deviations from this conformational organisation of the carbocyclic rings in the solid state 
(see below). Figure 6.8(b) is a perspective view which shows the coordination geometry 
and atom numbering (the numbered atoms are related to the unnumbered by an inversion 
centre); the other diagram, Figure 6.8(c), serves to illustrate the planarity of the 
coordination sphere and the extent of “puckering” of the C 12 rings. The crystal packing 
diagram for [Pd(Ci2doH)2] is shown in Figure 6.9. Molecules of [Pd(Ci2doH)2] are 
organised into a three-dimensional interlocking array and this structuring within the lattice 
appears to be dictated by crystal packing forces alone; there is no evidence of dipolar 
forces of any nature operating in the solid state, unlike those observed in the crystal lattice 
of the CgdoH2 ligand.
The 0 - 0  separations of the [Mn (C i2doH )2] structures have already been 
discussed in relation to the O-H—O intramolecular bridge, and the fact that this distance is 
the shortest in [Ni(Ci2doH)2] has been stressed. Comparison of the 0 - 0  distance of 
[Ni(Ci2doH)2] (2.449(2) Ä) with that calculated from the summation of the two O-H 
distances (2.460(32) Ä) suggests that the O-H--O moiety is linear to within experimental
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error (an angle of 168.7° for 0 -H --0  was computed). The same can be said for the 
palladium(II) C\2 complex. Unfortunately, the H-bond hydrogen of [Pt(Ci2 doH)2 ] was 
not able to be meaningfully refined.
Metal Substituent 0 - 0  dist, Ä Reference
Ni n h 2 2.532(4) [44]
Ni NH2 and Me 2.511(6) [45]
Ni Me 2.462 [30]
Ni Me and Et 2.454(5) [31]
Ni H 2.454(6) [46]
Ni NEt2 2.437(10) [47]
Pd n h 2 2.749(11) [48
Pd Me 2.623(4) [28]
Pd a-furyl 2.583(4) [49]
Pd H 2.582(12) [46]
Pd C 1 0 H 2 0 N O 4 * 2.569(6) [50]
Pd Ph 2.550(10) [23]
Pt n h 2 2.950(12) [51]
Pt H 2.65(2) [29]
Pt Me 2.641(19) [43]
Pt Cl 2.56(5) [52]
Table 6.6 Collected data for metal(II)-diglyoxime compounds; * a crown ether.
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Figure 6.8 Perspective views of the isomorphous [MII(Cj2doH)2] (M = Ni, Pd, Pt) 
complexes. Figure 6.8(b) shows the ORTEP diagram for [Pd(Cj2doH)2] with the atom 
numbering scheme used for all three compounds.
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Figure 6.9 Crystal packing diagram of [Pd(Cj 2doH) 2] projected on the 'ac'plane.
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6.2.6 [Pt(C8doH )2Cl]2 and [Pt(C12doH )2Cl]2
The principal features of the [Pt(CgdoH)2Cl]2 and [Pt(Ci2doH)2Cl]2 complexes 
have already been described in Chapter 4. They are neutral dimers composed of two 
crystallographically independent [Pt(CndoH)2] units connected by a direct Pt-Pt bond 
unsupported by any bridging ligand, and capped by axially coordinated chloride ligands. 
In the crystal, the two [Pt(CndoH)2] units are rotated by 63.5(3)° (C8) and 57.7(4)° (C12) 
relative to each other. This is illustrated in Figure 6 .10(b) for [Pt(C8doH)2Cl]2 which 
depicts the relative rotation of the [Ptm(CgdoH)2] units. Figures 6.10(a) and 6.11 show 
the ORTEP diagrams for [Pt(CgdoH)2Cl]2 and [Pt(Ci2doH)2Cl]2, respectively, with 
atomic numbering schemes. Each PtN4(a-C)4(ß-C)4 moiety is approximately planar 
(trans-N-Pt-N angles : 174(3)-176(3)° and 176.5(6)-177.4(6)°, respectively). As stated 
above, the extended carbocyclic (CH2)4 segments not restricted to planarity (Cy and C5 
for the C8 ligand, Cy —» C  ^for C12) fold outwards for each ligand, i.e., away from the 
other Pt centre, the two Pt(CRdoH)2Cl halves adopting an umbrella shape analogous to 
that noted in the dimeric copper C8 structure. This is easily rationalised in terms of the 
need to minimise intramolecular steric clashes between the dioximato moieties. (The 
adoption of ‘umbrella’-shaped conformations upon dimerisation has been previously 
reported in relation to dimeric complexes of the N4 tetraaza macrocyclic ligand, 
H2tmtaa.53,54 See Chapter 7 for further discussion.) The platinum atom of each 
macrocyclic unit (C8 and C12) is displaced from the dioxime N4 plane towards the other 
platinum atom by [0.100(15) Ä (Pt(l), -0.0855(15) Ä Pt(2), C8] and [0.056(1) Ä Pt(l), 
-0.086(1) Ä Pt(2), C 12], respectively.
The intermetallic bond distances determined for [P t^ C g d o H ^ C l^  (Pt-Pt 
2.6964(5) Ä) and [Ptin(Ci2doH)2Cl]2 (Pt-Pt 2.708(1) Ä) are very similar to the value of 
2.694(1) Ä for dimeric [Ptm 2Cl6 {HN=C(OH)C(CH3)}4]55 (mentioned previously) 
which is a less symmetric, more reactive analogue of our own [Pt(CndoH)2Cl]2 
complexes, bearing two chloride ligands and two monodentate imines in the equatorial 
plane. The Pt-Cl bonds are shorter in the bis-dioximato pseudo-macrocyclic Pt111 
complexes (2.386(2) and 2.409(2) Ä for [Ptm (C8doH)2Cl]2 versus 2.458(3) Ä for 
[Ptni2Cl6{HN=C(OH)C(CH3)}4]).
A comparison of these Ptin-Ptni distances with bridged platinum dimeric 
structures was made in Chapter 4. Table 6.7, on the other hand, lists a range of 
structurally characterised unbridged platinum dimers (including three Pt111 dimeric 
complexes published only months before the submission of this thesis,56,57 (see the 
Addendum to §4.2.3) and provides comparisons with dimers which have different 
oxidation states of platinum. Briefly, each Pt atom in the Pt° dimer, [Pt2(dtbpp)2], is
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Figure 6.10 (a) Thermal ellipsoid (50% probability level) diagram o f [Pt(CgdoH)2Cl]2 
with the crystallographic labelling scheme fo r  selected atoms. The C-atoms o f each ring 
are sequentially numbered C(nml)-C(nm8) in the direction indicated. Both orientations 
o f the disordered (22n) ring are shown.
(b) A view o f [Pt(CgdoH)2Cl]2 down the Pt-Pt axis, depicting the relative rotation o f the 
Ptin(CgdoH)2 units. All atoms are represented by spheres o f arbitrary radii.
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Figure 6.11 ORTEP diagram o f [Pt(C]2doH)2Cl]2 with atom numbering scheme. 
Ellipsoids are drawn at the 20% probability level.
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C O
three coordinate, being bound to two P atoms and the other Pt atom. These four atoms 
form a distorted trigonal array which is planar. The angle between the two P-Pt-P planes 
is 82° and the molecule as a whole exhibits very severe crowding. The platinum(I) 
dimeric compounds are stabilised by phosphine, carbonyl, isocyanide and related ligands, 
and with the exception of the cyclopentadienyl complex,59 they have square-planar 
geometries about the platinum atoms, and approximately staggered geometries with 
respect to the platinum-platinum bond. The Pt11 structures, [Pt2Cl4(NHCOHrBu)4] and 
[Pt2Cl4(N H CO H rBu)ö] involve amide ligands coordinating to platinum through 
nitrogen.60 The first, czs-[Pt2Cl4(NHCOHrBu)4], comprises two monomeric units, 
placed face-to-face, with a Pt-Pt distance of 3.165(1) Ä. The compound adopts a 
staggered conformation which minimises interligand steric interactions and allows a 
closer approach of the two platinum subunits and a direct intermetallic bonding 
interaction. Addition of two extra amides to axial sites of [Pt2CU(NHCOHrBu)4] causes 
a considerable lengthening of the Pt-Pt bond (the axial amides coordinate through 
oxygen) and conversion from the staggered to the eclipsed conformation. The complex 
[Pt2(dpp)2(CH3CN)2](C104)2 consists of two phenanthroline moieties held in an almost 
face-to-face orientation with the Pt(A)-Pt(B) vector perpendicular to both aromatic 
planes.61 The structural features have been interpreted in terms of weak M-M interactions 
and ligand n-n interactions in the dimer. In [Pt2(N2C3H4)4(N2C3H3)4], each Pt2+ ion is 
coordinated in a square-planar arrangement by two pyrazole molecules and two 
pyrazolato anions. The dimeric complex is formed by four symmetrical N-H-N bridges 
between the N2C3H4 and N2C3H3 ligands of both platinum atoms causing a complete 
charge delocalisation between the ligands. Finally, [Pt2(S2C2H2)4] forms discrete dimers 
in the solid state with a Pt-Pt separation of 2.75 Ä, but it is difficult to assign where the 
electrons reside and the oxidation state remains ambiguous 63
It can be seen from Table 6.7 that the M-M separations in the Pt1 dimers are only 
slightly smaller than in the Pt111 complexes, while in associated square-planar platinum
o
(II) complexes intermolecular Pt-Pt distances of more than 3.1 A are commonly 
observed.
Unfortunately the hydrogen atoms associated with the 0 -H --0  linkage in both 
Pt111 dimeric structures were not located and thus no precise conclusions regarding the 
hydrogen bridges can be drawn. However, as outlined earlier, the O—O distance 
between glyoxime ligands has been suggested to be a sensitive indicator of the position of 
the hydrogen atom in the intramolecular bridge,26,32,33 as have the associated N -0  and 
M-N distances. The data in Table 6.1 suggest that the O -H —O bonds of 
[Ptm (C8doH)2Cl]2 and [Ptni(Ci2doH)2Cl]2 will also be asymmetric. The 0 - 0  distances 
are approximately 0.07 Ä shorter than in the PtIV molecules, but are substantially longer
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C o m p le x O xid ation
state
d (P t-P t)
(A)
R efere n c e
[P t2(d tb p p )2] 0 2.765(1) 58
[P t2C l2 (C O )2 (P F c 2P h )2 ] I 2.627(1) 64
[P t2C l2(C N rB u 2M e C 6H 2)4 ] I 2.563(2), 2,561(2) 65
[P t2H 2(d ip p e )2] I 2.5789(1) 66
[P t2C l4(C O )2][nPr4N ] 2 I 2.584(2) 58
[P t2(C 6F 5) 2(C O )2 (P P h 3 )2] I 2.599(1) 67
66[P t2C l2 (C O )2 (P 'B u 2P h )2 ] I 2.628(1) 68
[P t2C l2(C O )2(C 5M e 5) 2] I 2.636(1) 59
[P t2(d p p p )2(C N M e s )2]a I 2.653(1) 69
[P t2C l4(N H C O H * B u )4] II 3.165(1) 60
[P t2 (d Pp )2 (C H 3 C N )2 (C 1 0 4 )2 II 3.37 61
[P t2( N 2C 3H 4 )4 ( N 2C 3H 3)43 II 3.370 62
[P t2C l4(N H C O H 'B u )6 ] II 3.399(1) 60
[P t2C l6(N H C O H 'B u )4 ] III 2.694(1) 55
[P t(C 8d o H )2C l]2 in 2.6964(5) 70
[P t (C 12d o H )2C l] 2 m 2.708(1) th is  w o r k
m -[Pt2Cl6 ((£)-HN=CO(OMe)Me} 2t III 2.765(2) 57
trans-[P t2C l6  { (E )-H N = C O (O M e )M e } 2t III 2.758(3) 57
[P t2 (0 B Q D I -H 4 ] ( C F 3S 0 3 ) 2 t ma  a  m m f '  ^ \ 3.031(1)
56
[P t2( S 2C 2H 2)4 ] u n k n o w n 2.75 63
Table 6.7 Structurally characterised unbridged platinum dimers.
a From EXAFS: [Pt2(dppen)2(XylNC)2], d{Pt-Pt) = 2.653(8) A; [Pt2(dppe)2(XylNC)2], 
d ( Pt - Pt )  = 2.635(8) A; [Pt2 ( d p p p ) 2 ( X y l N C ) 2 ], d ( P t - P t )  = 2.648(8) A; 
[Pt2(dppb)2(XylNC)2], d(Pt-Pt) = 2.625(8) A.
dtbpp = l,3-bis(ditert-butylphosphino)prospan, CNrBu2MeC6H2 = 2,4-ditert-butyl-6-tolyl, 
dippe = l ,2-bis(diisopropylphosphino)ethane, C6F5 = pentafluorophenyl, dtbpe = 1,2- 
bis(ditert-butylphosphino)ethane, C5Me5 = pentamethylcyclopentadienyl, dppp = 1,3- 
bis(diphenylphosphino)propane, NHCOH^Bu = 1-hydroxyneopentylideneamido, 
NCHO(OMe)Me = 1-imino-l-methoxyethane, dpp = 2,9-diphenyl-l,10-phenanthroline-4'- 
yl, N2C3H4 = dipyrazole, N2C3H3 = dipyrazolato, S2C2H2 = bis(ethylene-l,2-dithiolene), 
dppen = c/5- l ,2-bis(diphenylphosphino)ethene, dppe = l ,2-bis(diphenylphosphino)ethane, 
dppb = l,4-bis(diphenylphosphino)butane, t  see §4.2.3.
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than the asymmetrically H-bridged [Ni(Ci2doH)2]. In addition, the N-O distances range 
from 1.29(1) - 1.38(1) Ä in [Pt(C8d o H )2C l ]2 and 1.30(1) - 1.38(1) Ä in 
[Ptm (C i2doH)2Cl]2. Thus, in both complexes, two of the N-O bonds are longer, within 
experimental error, than the other two. This, in conjunction with the Ptm -N distances 
which range from 1.975(8) - 2.002(8) Ä in [Pt(C8doH)2Cl]2 and 1.975(9) Ä - 2.00(1) Ä 
in [Ptm (C i2doH)2Cl]2, indicate that the Pt,[I dimeric structures appear to follow the 
proposed trends in O -O , N-O, and M-N distances discussed earlier, i.e., dissimilar N-O 
bond lengths imply that the proton lies closer to the oxygen atom associated with the 
longer N-O distance,18,26,33,34 while the shorter M-N bonds (with correspondingly 
longer N-O) have been associated with the protonated side of the oxime. Thus, 
although the e .s .d .’s involved in the Pt-N bond lengths, especially  for 
[Ptm (C i2doH)2Cl]2, mean that these observations should be treated with care, the H 
atoms of the four hydrogen bridges in the Ptm  dimers are probably associated with 
0(111), 0(121), 0(211) and 0(221) for [Ptn i(C8doH)2Cl]2 ; 0(111) and 0(212) for 
[Ptm (C i2doH)2Cl]2.
6.2.7 [Pt(CgdoH)2Cl2] and [Pt(CgdoH)2Br2]
A general view of [PtIV(C8doH)2Cl2] representative of both PtIV compounds is 
provided in Figure 6.12. The platinum centres of centrosymmetric [PtIV(C8doH)2Cl2] 
and [PtIV(C8doH)2Br2] are in octahedral environments surrounded by the four N ’s of the 
equatorial C8doH‘ ligands with the two halide atoms in each compound disposed in 
mutually trans arrangements separated by 180°. The PtIV-N bond lengths range from 
1.997(6) to 2.005(6) Ä in the dichloride complex and 1.990(4) to 2.005 (3) Ä in the 
dibromide complex. These distances are on average ca. 0.03 - 0.04 A longer than 
observed in [Ptn (C i2doH)2]. The P t^-C l bond length is 2.313(2) A compared to 2.4545 
(4) Ä for PtIV-Br. The Pt-Cl bond in [Pt(C8doH)2Cl2] is thus of the order of 0.07 Ä 
shorter than the platinum to halide distances measured in the Ptm dimeric complexes. The 
ligand geometries of the Ptn -C i2 and PtIV-C8 complexes are very similar with the C8 
rings also displaying the distinct puckering seen in the [Mn(C i2doH)2] (M = Ni, Pd, Pt) 
and [Ptin (C8/ i 2doH)2] complexes. The planarity of the PtIV coordination sphere is 
clearly evident in the crystal packing diagram of [Pt(C8doH)2Cl2], shown in Figure 6.13. 
Like [Pd(Ci2doH)2], the molecules of the PtIV dichloride species pack in a uniform, 
interlocking, three-dimensional array in the crystal lattice. This appears to be dictated 
only by crystal packing forces as there are no abnormally short intermolecular contacts.
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Figure 6.12 ORTEP diagram o f [Pt(CsdoH)2Cl2] with atom numbering scheme. 
Ellipsoids are drawn at the 50% probability level.
Unlike the dichloride species, for which the bridging hydrogen of the O -H -O  
bond was detected but not refined, the oxime hydrogen atom position in [Pt(CgdoH)2Br2] 
was meaningfully refined. Within experimental error, the relevant hydrogen bond 
distances of the two Ptw  complexes are probably similar, if not identical. Taking 
[Pd(Ci2doH)2] as a comparison (the value of 0 -0  for [Pt(Ci2doH)2] was not available 
at the time of writing) the 0 -0  bridges for the Pt1^7 species are around 0.05 A longer than 
Pt11 and approximately 0.06 Ä longer compared to Ptin . Thus, although one could 
perhaps expect the coordination spheres of [Pt(CgdoH)2Cl2] and [Pt(CgdoH)2Br2] to 
contract due to the smaller effective covalent radii of the highly charged P t^  atoms, this 
seems to be offset by the presence of the axial halide ligands.
A lthough single crystal X -ray structure determ inations o f the 
[PdIV(C8/i2doH)2Cl2] compounds have not yet been carried out, powder diffraction 
studies on [Pd(CgdoH)2Cl2] were undertaken in an attempt to determine whether the unit 
cells of [Pd(CgdoH)2Cl2] and [Pt(CgdoH)2Cl2] were isomorphous. In fact, the 
experimental powder pattern measured for [Pd(CgdoH)2Cl2] was found not to 
correspond to the theoretical powder pattern calculated from the unit cell data from the 
single crystal determination of [Pt(CgdoH)2Cl2]. Thus, although the NMR spectra of the 
PdIV species indicate that they are symmetrically substituted, nothing more can be said 
about their molecular geometries.
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Figure 6.13 Crystal packing diagram o f [Pt(C$doH)2Cl2] projected on the 'be' plane.
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6.2.8 [Rh (CgdoH ) 2(Cl) (PPh 3 ) ]
Figure 6.14 shows the molecular structure of [Rh(CgdoH)2(C l)(PPh3)] and 
presents the atom numbering scheme. Like the analogous dmg complex, 
[Rh(dmgH)2(Cl)(PPh3)],71 the Rh(CgdoH)2 system is not strictly planar; rather, the two 
C2N2 chelate rings are tilted away from the phenyl groups so that their normal vectors 
make an angle of -12.2° with each other (cf  17.1° in [Rh(dmgH)2(Cl)(PPh3)]). As a 
result, though the N4 system is rigorously planar, the rhodium atom is displaced from the 
plane toward the phosphorus by 0.115(1) Ä (0.126 Ä in [Rh(dmgH)2(Cl)(PPh3)]). The 
equatorial chelate rings form the familiar chair-shape conformation with one eight-carbon 
ring pointing upwards, the other down, just as in unhindered [P t(C sdoH )2X 2], 
considered above. (One might have expected steric interactions with the phenyl rings to 
have enforced the alternative scenario where both rings point down, away from the 
phenyl moieties, so, clearly, the proximity of PPh3 does not cause serious crowding.) 
The phenyl groups of the PPI13 axial ligand are themselves orientated in a fashion directly 
analogous to that observed in the dmg analogue, angled at values between 102.5(2)° - 
105.5(2)° to each other (cf. 102.4(2) - 109.1(3)° for the dmg complex). There is no 
significant deviation from planarity of the phenyl groups. The average Rh-N bond length 
compares closely with that reported for [Rh(dmgH)2(Cl)(PPh3)J : Rh-N = 1.991 Ä c f  
1.992 Ä for the dmg structure. The average C=N length is, however, 0.01 A shorter 
than in dmg (1.285 vs 1.297 Ä), and the N-O distance is 0.02 Ä longer (1.357 vs 1.337 
Ä). The P-Rh-Cl bond angle is 176.34(4)° in the Cs structure. The 0 - 0  distances of 
2.652(4) and 2.672(4) Ä (2.618(6) and 2.709(6) A for the dmg analogue) are normal for 
H-bonded dmg rings. Additionally, the H-atoms associated with the linear O -H -O  
bridges were located and refined isotropically. Both hydrogen bonds are asymmetric 
with the H atoms of the bridges being associated with the oxime oxygens 0(11) and 
0(22), respectively. The related distances are 0(11)-H(11) 1.01(5) Ä, 0(22)-H(22) 
1.09(5) A, with corresponding O-H—O angles of 176.0(4)° and 178.5(5)°, respectively.
The Rh-Cl bond length in [Rh(CsdoH)2 (C l)(PPh3)] is identical to that in 
[Rh(dmgH)2(Cl)(PPh3)] at 2.381(1) Ä. By comparison of the Rh-Cl bond length in the 
dmg complex with the covalent radius of chlorine (0.994 Ä, half the bond distance in CI2) 
Cotton et al. derived a value of 1.39 Ä as the covalent radius of rhodium in this system, 
and hence an expected single bond length for an undistorted Rh-Rh bond of about 2.8 
Ä.71 The length of the Rh-Rh bond in [Rh(dmgH)2(PPh3)]2 , 2.934 (2) Ä, therefore 
clearly indicated a single bond somewhat elongated by repulsion between the dmgH' 
pairs. It was noted, however, that a major contribution to the 0.15 Ä difference between 
the measured and predicted Rh-Rh distances was probably the smaller covalent radius of 
the Rh111 monomer compared to Rh11. A measure of this effect is the length of the Rh-P
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bonds in the two dmgfT complexes: 2.327(1) A in [Rh(dmgH)2(Cl)(PPh3)] compared to 
an average Rh-P bond length of 2.438 Ä in dimeric [Rh(dmgH)2(PPh3)]2- By 
comparison, the Rh-P distance is longer in the Cs RhIn monomer compared to the Rh111- 
dmg monomer: 2.351(1) vs 2.327(1) A. Given that the Rh-Cl distances in these two 
molecular structures are identical and that they both consist of Rh formally in the +3 
oxidation state, this lengthening (0.024 Ä) of the Rh-P bond must be suspected to be due 
to ligand repulsion between the phenyl groups of the axial PPI13 and the Cs equatorial 
ligands. Thus, it appears that the chelate ring - axial ligand interaction in the organo- 
soluble complex is having a reasonably pronounced effect on the Rh-P bond length. In 
the dmgH- complex, this effect manifests itself in the form of a greater tilting of the C2N2 
chelate rings away from the phenyl groups (by ~5°) and by the pushing of the rhodium 
atom 0.01 Ä further out of the N4 plane than in the [Rh(dmgH)2(Cl)(PPh3)] complex. 
The repercussions of such steric interactions on the Rh-Rh bond length of a hypothetical 
[Rhn (CgdoH)2(PPh3)]2 dimer is therefore extremely interesting.
Figure 6.14 ORTEP diagram o f [Rh(C sdoH )2(C l)(PPhs)J showing the atom  
numbering scheme. Thermal ellipsoids are drawn at the 20% probability level.
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6.2.9 (Ph4As)[Rh(C 8doH)2Cl2]H C l  and (Ph4As)[Ir(C8doH )2Cl2] H C l
Figure 6.15 View o f the molecular anion [Rh(C8doH )2Cl2]', showing the atom  
numbering scheme. Ellipsoids are drawn at the 20 % probability level.
Both (Ph4A s)[Rh(C8doH)2Cl2] and (Ph4A s)[Ir(C8doH )2Cl2] crystallise as HC1 
adducts. They exhibit pseudo-octahedral trans arrangements as observed for other six- 
coordinate dioxim e com plexes discussed above. The m olecular structures of 
(Ph4As)[Rh(C8doH)2Cl2] HCl and (Ph4As)[Ir(C8doH)2Cl2] HCl with atomic numbering 
schemes are shown in Figures 6.15 and 6.16, respectively. Structurally characterised 
dim ethylg lyoxim e analogues have been reported  in the form  o f p ro tonated  
[Rh(dmgH)(dmgH2)Cl2]72 and [Ir(dmgH)(dmgH2)Cl2] (i.e., neutral),73 the latter having 
been reported as recently as 1996 - this was the first molecular structure of an Ir-dmg 
complex published. Consequently, the structure of (Ph4A s)[Ir(C8doH)2Cl2] is only the 
second structurally characterised iridium  dioxim ato com plex to the best o f our 
knowledge.
The structures o f (Ph4A s)[Rh(C8doH )2C l2]-HCl and (Ph4A s)[Ir(C 8doH )2C l2] 
•HC1 are isomorphous. The nature of HC1 incorporation required diffraction study to 
define it (see below). By comparison, the 'true' [Rh(dmgH)2Cl2]' anion was found to be 
in a distorted octahedral environment while [Ir(dmgH)(dmgH2)Cl2] was centrosymmetric 
(as w as the analogous cobalt com plex , [C o(dm gH )(dm gH 2) C l2] ) 15. In 
[Co(dmgH)(dmgH2)Cl2] and [Ir(dmgH)(dmgH2)Cl2], two hydrogen atoms of the oxime
C12
C2
C27C26
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Cll
Figure 6.16 View o f the molecular anion [Ir(CsdoH)2Cl2]~, showing the atom 
numbering scheme. Ellipsoids are drawn at the 20 % probability level.
groups are involved in the intramolecular hydrogen bonds of the O-H—O type while 
another hydrogen atom is involved in an intermolecular bond of the same type. 
However, most notably for the carbocyclic complexes under consideration here, the 
characteristic mutual 'chair' conformation of the two Cs ligands has been disrupted in 
these new structures, with the rings now acting as pendant arms/loops pointing in the 
same direction. This is analogous to the orientation of the carbocyclic rings observed in 
the dimeric Pt111 structures and [Cu(CsdoH)2]2- The reason for the rings folding in the 
same direction is not obvious in the first instance, although clearly they are capable of 
being folded either way without energy loss, and in this case, both have turned down 
(relative to the orientations depicted in Figures 6.15 and 6.16). The cause may be the 
doubly protonated nature of the complexes at the oxime oxygens 0(11) and 0(21), 
respectively (see below for further discussion), but one associated observation is that the 
rhodium and iridium atoms are pushed out of the equatorial N4 plane by 0.013(1) A 
towards C12, and 0.015(1) Ä towards Cll. Once again, puckering of the eight-carbon 
chains is clearly evident. Both molecular structures also coordinate into the unit cell a 
molecule of solvent (CHCI3) which is intimately connected with the OH/OH system. 
This is illustrated in Figure 6.17 for (Ph4As)[Rh(C8doH)2Cl2]HCl (see below).
The Rh-N distances (1.988(4) - 2.067(4) Ä) are indistinguishable from the Ir-N 
distances( 1.985(6) - 2.063(6) Ä). The corresponding dmg M-N distances compare 
closely (1.983 - 2.021 Ä and 1.92(2) - 2.02(1) Ä, respectively) and all M-N bond lengths 
are considerably longer than the average Co-N distance of 1.92 Ä in
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[Co(dmgH)(dmgH2)Cl2]. The axial Cl' ligands of the M octahedron have M-Cl distances 
of 2.325 (1) and 2.344(1) Ä in (Ph4As)[Rh(C8doH)2Cl2] and 2.338 (2) and 2.353(2) Ä 
in (Ph4A s)[Ir(C 8doH)2Cl2]. The C1(1)-M-C1(2) angle is 178.62(5)° for RhC8 and 
178.53(8)° for IrC8.
As indicated above, a notable feature of the Rh111 and Ir111 dichloride complexes is 
the fact that the oxygen atoms 0(11) and 0(21) are both protonated in each case. The 
complexes are thus more correctly formulated as (Ph4As)[Rh(C8doH)(C8doH2)Cl2]Cl 
and (Ph4As)[Ir(C8doH)(C8doH2)Cl2]Cl with an additional molecule of HC1 having been 
incorporated. Thus, one 0 -H —O bridge has been cleaved by protonation of both 
oxygens. One normal intramolecular 0 -H —O hydrogen bond is observed in both 
complexes, although the hydrogen atom of the H-bond was only refined in the case of 
(Ph4As)[Rh(C8doH)(C8doH2)Cl2]Cl. The associated angles and 0-H  distances for all 
the hydrogen bonds observed in these two complexes are given in Table 6.8 below. The 
0 (1 2 )-0 (2 2 ) distances of 2.448(5) Ä in Rh111 and 2.434(7) Ä in Ir111 are notably shorter 
than the 0 - 0  distances in the corresponding dmg analogues (both 2.82 Ä c f 2.54 A in 
C o111). They are also shorter than the other 0 - 0  distances listed in Table 6.1 for 
complexes containing the same family of organosoluble ligand, i.e., C 8doH 2 and 
C i 2d o H 2 (with the exception of the classic short 0 —0  distance observed in 
[N i(C i2doH)2l). The decrease in 0 - 0  is attributed to the protonation of an oxime 
oxygen resulting in cleavage of one of the intramolecular hydrogen bridges which permits 
subsequent shortening of the opposite 0(12)—0(22) distance. The long 0 - 0  distances 
are 3.553(5) Ä (0 (1 1)-0(21), Rhm) and 2.736 Ä (0 (1 1)-0(21), Irm ). The inequivalence 
of the two 0 - 0  distances (A = 1.105 Ä and 0.302 Ä, respectively) associated with these 
complexes is consistent with the results obtained for other protonated trans-bis- 
(d ioxim e) com plexes such as [C o (d m g H )(d m g H 2 )(E t)(C l)]H 2 0 19 and 
[Rh(dmgH)(dmgH2)(PPh3)(Cl)]Cl.20 The difference in 0 - 0  distances is large for 
(Ph4As)[Rh(C8doH)2Cl2] and this would appear to be related to the orientation of the 
oxime protons (see below). However, the contraction of the 0 (1 2 )-0 (2 2 ) distance is 
probably also moderated to some degree by cis repulsion between the two pendant 
carbocyclic rings.
Connected with the disruption of one oxime bridge in each complex is the 
previously made observation that the oxime oxygens bearing the hydrogen atoms are 
associated with the longer N -0  bond lengths (as well as larger 0 - 0  distances as 
described above). Thus, the N (11)-0(11) and N(21)-0(21) bond lengths are on average 
0.05 Ä longer than the N-O bond lengths of the singly protonated 0(12) and 0(22) 
atoms. However, most notable is the variation in adjacent Rh-N and Ir-N bond lengths 
which differ by as much as 0.08 Ä. For example, the R h (l)-N (ll)  and Rh(l)-N(21)
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bond lengths are chemically equivalent and longer, due to protonation (2.056(5) and 
2.067(3) Ä, respectively) compared to Rh(l)-N(12) and Rh(l)-N(22) (1.988(3) and 
1.989(5) Ä, respectively). This effect is rather obscured by the listing of the mean M-N 
bond lengths for these two compounds (in particular) in Table 6.1. For this reason Table
6.3 has been constructed in order to highlight these very differences. Likewise, Table
6.4 exposes the corresponding effect that the double protonation has on the individual 
angles, a i  and a 2. In the case of (Ph4As)[Rh(CgdoH)(C8doH2)Cl2]Cl, angle N (ll)- 
Rh(l)-N(21) (0C2, 110.3(1)°) is distinctly larger than the opposite angle, N(12)-Rh(l)- 
N(22) (ai, 95.9(2)°). By contrast, the two smaller bite angles are approximately equal 
and are conserved: N(21)-Rh(l)-N(22), pi, 76.6(2)°; N(ll)-Rh(l)-N(12), ß2, 77.1(1)°. 
Thus the two CsdoH* ligands swivel to open up 0C2 while simultaneously weakening Rh- 
N (ll, 21) slightly.
As well as the characteristic intramolecular O-H—O hydrogen bond, both 
complexes display hydrogen bonding to the lattice chloride ion which sits approximately 
in the middle of the doubly protonated oxygen atoms (i.e., between 0(11) and 0(21)). 
This is illustrated in Figure 6.17 for [Rh(C8doH)(C8doH2)Cl2]Cl.
Hydrogen Bonds
(Ph4As)[Rh(C8doH)2Cl2]-HCl
A H B A-B A-H H- B A-H B
0(22) H(22) 0(12) 2.448(5) 0.95(7) 1.50 174.6
0(11) H(11) Cl(3) 2.987(4) 0.95(7) 2.05(7) 169.8
0(21) H(21) Cl(3) 2.935(4) 0.93(5) 2.02(6) 169.2
H(01) Cl(3) 2.882
(Ph4As)[Ir(C8doH)2Cl2]-HCl
0(12) H(12) 0(22) 2.434(7) 1.23 1.36 140.8
0(11) H(11) Cl(3) 2.912(5) 1.14 2.24 114.8
0(21) H(21) Cl(3) 2.991(5) 1.967
Table 6.8 Hydrogen bond distances (A) and angles (°) observed in the crystal lattices 
of (Ph4As)[RhC8doH)2Cl2] and (Ph4As)[Ir(C8doH)2Cl2] formed as HCI/CHCI3 
adducts.
Chapter 6 247
C13
Figure 6.17 Molecular structure of (Ph4 As)[Rh(CsdoH)2 Cl2 ]-HCl showing the 
position of the Cl atom which is symmetrically disposed between oxime oxygens 0(11) 
and 0(21), and the associated H atoms. Thermal ellipsoids are drawn at the 20% 
probability level
From Figure 6.17 it would seem that the lattice Cl atom is symmetrically disposed 
between the oxime oxygen and associated H atoms, H(l l )  and H(21) of the Rh111 
complex, whereas this would not appear to be the case in (Ph4As)[Ir(CgdoH)2Cl2]. In 
fact, for (Ph4As)[Ir(C8doH)2Cl2], unlike the Rh analogue, H(ll)  is apparently not FI- 
bonded to the lattice Cl. The protons H(11) and H(21), as indicated in Figure 6.16, seem 
to be pointing in different directions: H(21) is tilted upwards while, to the eye, H(ll) 
appears to be planar with the N(11)-0(11)-0(21)-N(21) chelate ring. This indicates a 
possible interaction between H(l l )  and 0(21) as well as that with 0 (3 ). In 
[Rh(CgdoH)(C8doH2)Cl2], on the other hand, both oxime protons are directed up 
towards 0(3) with an angle H(11)-C1(3)-H(21) of 73.0°. The need to accommodate the 
0-H (ll)-C l-H (21)-0 linkage explains the exceptionally large 0 - 0  separation in the 
rhodium complex (somewhat diminished in iridium). Finally, the rhodium complex also 
exhibits an intermolecular contact between 0(3) and the hydrogen of the chloroform
o
solvent molecule at a distance of 2.882 A. It is interesting that the organisation of the Rh 
and Ir lattices differ at this intimate level.
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6.2.10 [Ru(C12doH)2(PPh3)2]-2CHCl3
C28
Figure 6.18 ORTEP diagram of [Ru(Ci2doH)2(PPh3)2], showing the atom 
numbering scheme. Ellipsoids are drawn at the 20 % probability level.
Figure 6.18 shows the molecular structure and atom numbering scheme of 
[Ru(Ci2doH)2(PPh3)2], which crystallises in the unit cell as a CHCI3 solvate. The 
ruthenium atom resides on a crystallographic inversion centre and thus is constrained to 
be in the plane of the four nitrogens of the Ci2doH2 ligand. The metal is in an octahedral 
environment with the two PPI13 ligands in axial positions. The two equivalent PPI13 
ligands are mutually trans with the P-Ru-P angle necessarily 180°. The ligand is in a 
steplike arrangement and the C\2 rings are buckled as previously observed. The bond 
lengths and angles of this Ru11 dioximato complex are very similar to those of the Rhm 
and Irin frans-dichloride complexes with Ru-N distances of 1.987(5) and 2.035(5) Ä, N- 
O bond lengths of 1.321(6) and 1.388(6) Ä, and a Ru-P distance of 2.426(2) Ä. 
However, the 0 - 0  non-bonding distance of 2.914(6) A  is notably longer than the other 
0 - 0  values listed in Table 6.1 by approximately 0.24 to 0.46 A (not withstanding the
Chapter 6 249
Rh111 and Irin complexes where the normal mode of O-H—O bonding has been broken by 
further protonation of the oxime oxygen atoms), and likewise the associated long N -N  
edge is longer by ~0.1 Ä. The angle a  is the largest observed for the organo-soluble 
dioximate compounds at nearly 104(2)° and ß has correspondingly contracted to give the 
smallest value for the listed compounds, at 76.1(2)°. At the same time the mean value for 
Y of 118.3(2)° is relatively low compared to the complexes with comparable values for 
angles a  and ß - despite the large 0 - 0  separation. This is therefore the most rectangular 
compound of the series under study, but has the largest differences in the N -N  long and 
short edges, and in a  and ß values. With hydrogen bonds intact (unlike the disrupted 
oxim e bridges observed  in (PI14A S) [ R h ( C g d o H ) 2 C l 2 ]*HCl and 
(Ph4As)[Ir(CgdoH)2Cl2]-HCl, it remains to be explained why these bond length and 
angle expansions should occur. The most likely reason would seem to be the steric 
interactions due to the bulk of the PPh3 groups. With PPI13 moieties both above and 
below the N4 plane of the ruthenium complex, a favourable compromise in non-bonded 
contacts is reached, resulting in the elongation of two of the Ru-N bonds, while at the 
same time expanding a  (and thus, contracting ß) and effectively pushing the coordination 
sphere outwards.
The H-atom positions (not refined), show that the hydrogen bridge in the Ru11 
complex is asymmetric (O (l)-H (l) = 1.10, 0 (2 )—H (l) = 1.84 Ä). This is reflected in the 
different N-O and Ru-N bond lengths, as previously discussed. It may also be noted that 
it is the protonated N which is observed to bind more tightly to the ruthenium at 1.987(5) 
Ä for Ru(l)-N (l), compared to 2.035(5) Ä for Ru(l)-N(2).
The structures of the first ruthenium(II) dioxime family of complexes to be 
characterised by single crystal X-ray diffraction were described in 1992 by Szczepura et
9 f\al. These involved the protonated t rans-bis(dioxim e) com plexes trans-  
[R uI1(dpgH )2 (Cl)(NO)], r ra « i- [R u I1[(dm gH )(dm gH 2 )(Cl)(NO)]Cl, and trans-  
[RuII(dmgH)2(Cl)(NO)].74 All three structures included refinements of the hydrogen 
atoms associated with the oxime oxygens, and the protonated complexes were also 
characterised by IR spectroscopy (allowing explicit assignment of the O-H stretching IR 
bands to the proper modes of hydrogen bridging). Three types of hydrogen bonding 
were directly observed within these structurally similar bis(dioxime)ruthenium 
compounds: O-H—Cl hydrogen bonds and a symmetric O-H—O bridge were observed for 
the oxime oxygen atoms of trans- [Ru(dmgH)(dmgH2)(Cl)(NO)]Cl, while asymmetric O- 
H—O oxime bridges were observed in the crystal structures of t r a n s -  
[Ru(dpgH)2(Cl)(NO)] and frans-[Ru(dmgH)2(Cl)(NO)].
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More recently, Manivannan et al. scrutinised the little-explored effect of variable
metal valence on the dimensions and bonding in and around the [M(oximate)(oxime)]
7 5m otif among dioxime chelates of ruthenium in the II and III oxidation states. 
Geometrically similar complexes in these oxidation states, having the same coordination 
number, stoichiometry and environment, were required for this study and this was 
achieved by using (phenylazo)benzaldoxime (HL) as the oxime ligand. The Ru11, Runi 
pair [RuCl2(L)(HL)]z (z = 1-, 0), were structurally characterised. Both complexes were 
found to exhibit asymmetric O-H—O hydrogen bonds. However, a contrast of axial and 
equatorial bond length trends resulted in the 0 - 0  separation being significantly longer in 
the trivalent state, with Ruin-N expanded but Rum-Cl contracted.
From this literature survey, it would therefore appear that [Ru(Ci2doH)2(PPh3)2] 
is the first frans-bis-phosphine ruthenium(dioximato) complex to have been characterised 
by X-ray diffraction. It is also one of only three rrarcs-bis-phosphine monomeric 
complexes of any of the dioximato ligands to have been crystallographically determined to 
date. The other two such complexes are [Coin(DfurH)2(PPh3)2][N0 3 ] (DfurH = the di-
1 77a-furylglyoxime mono-anion), and [Fe(dmgH)2(PEt2Ph)2].dm gH 2- Two other 
closely related compounds whose crystal structures have been reported are 
[Rh(Hdmg)(Hbdio)(PEt3)2]+[Rh(dmgH)2Cl2]- H2 0 and [Rh(Hdmg)(Hbdio)(PEt3)2]+ 
C IO 4". In these compounds an oxime group of one of the two equatorial 
dimethylglyoximato ligands has been converted into an imine group (Hbdio = 2,3- 
butanedione 2-imine 3-oximato) (see §5.2.1.1 and §5.4.4). The cation is disordered in 
both cases, and in the latter structure, the anion is also disordered and refinement of the 
crystal structure was not possible.
The most ready comparison of the [Ru(Ci2doH)2(PPh3)2] bond lengths and 
angles is perhaps made with [Ru(dmgH)2(Cl)(NO)].26 In [Ru(Ci2doH)2(PPh3)2], the 
Ru-N distance appears shorter: 2.01 vs 2.03 A; it may be that the NO+ ligand alters the 
equatorial bond-strength. The chelate angles, ß, in [Ru(dmgH)2(Cl)(NO)] are similar to 
the bis-phosphine Ru11 complex (77.1(1)° vs 76.1(2)°), but the 0 - 0  distances are 
considerably shorter (2.753(5) and 2.793(5) Ä vs 2.914(6) Ä). The O -H -O  bridges are 
also asymmetric (O-H—O angles 165.0(5)° and 163.0(6)°) and this is once again reflected 
in differing Ru-N (2.020(4), 2.019(4); 2.039(4), 2.039(4) A) and N-O (1.367(5) Ä, 
1.372(5) A; 1.319(5), 1.308(4) Ä) protonated and unprotonated distances, respectively. 
In the C i2doH' complex, the Ru-P distance of 2.426(2) Ä compares well with the trans- 
Run -P distances of 2.428(1) and 2.419(3) Ä reported for the macrocyclic complexes 
[R u(O E P )(P P h 3)2 ]79 and [Ru(om taa)(PPh3)2 ],80 respectively (where OEP = 
octaethylporphyrin and omtaa = octamethyltetraazaannulene (see Chapter 7).
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Appendix 6.1
X-RAY STRUCTURE OF [C8doH2]
Crystal data. C8 H1 4N2 O2 , F.W = 170.21, colourless prism, crystal dimensions 0.20 x 
0.24 x 0.20 mm, orthorhombic, space group P21 2 12 1 (#19), a = 7.7744(9) Ä, b = 
8.739(2) Ä, c = 12.819(2) A, V = 871.0(2) A3, Z = 4, Z)calc = 1-298 gem'3, F(000) = 
368.00, Cu-Ka radiation, X = 0.71069 A, |H(CuKa) = 7.74 cm '1, T = 296 K, 792 
unique reflections, R; Rw 0.027; 0.030.
Figure A6.1 View of the dioximato ligand [CgdoH.2] showing the atom numbering 
scheme. Ellipsoids are drawn at the 20% probability level.
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0(1)-H (1) 0.89(4) 0(2)-H (2) 0.91(3)
0(1)-N (1) 1.409(3) 0(2)-N (2) 1.406(2)
N (l)-C (l) 1.282(3) N(2)-C(2) 1.277(3)
C(l)-C(2) 1.497(3) C (l)-C(3) 1.498(3)
C(2)-C(8) 1.504(3) C(3)-C(4) 1.526(4)
C(4)-C(5) 1.525(4) C(5)-C(6) 1.533(4)
C(6)-C(7) 1.520(4) C(7)-C(8) 1.528(4)
Table A6.1.1 Selected interatomic distances (Ä)for [CgdoH)2]
N (l)-0 (1 )-H (l) 101(3) N (2)-0(2)-H (2) 100(2)
0(1)-N(1)-C(1) 111.6(2) 0(2)-N(2)-C(2) 111.9(2)
N (l)-C (l)-C (2) 115.8(2) N (l)-C (l)-C (3) 124.6(2)
C(2)-C(l)-C(3) 119.5(2) N (2)-C(2)-C (l) 116.1(2)
N(2)-C(2)-C(8) 124.9(2) C (l)-C(2)-C(8) 119.0(2)
C(l)-C(3)-C(4) 113.4(2) C(3)-C(4)-C(5) 115.0(2)
C(4)-C(5)-C(6) 114.6(3) C(5)-C(6)-C(7) 115.5(2)
C(6)-C(7)-C(8) 117.4(2) C(2)-C(8)-C(7) 114.4(2)
Table A6.1.2 Selected interatomic angles (°) for [CgdoH)2]
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Appendix 6.2
X-RAY STRUCTURE OF [Au(C8doH)2][AuCl4]
Crystal data. C16H26A112CI4N4O4, F.W. = 874.15, colourless plate, crystal dimensions 
0.04 x 0.15 x 0.20 mm, monoclinic, space group P2i/c (#14), a = 13.134(3) Ä, b = 
13.557(3) A, c = 14.000(2) Ä, ß  =109.46(1)°, V = 2350.4(8) Ä3, Z = 4, Dca]c = 2.470 
gem-3, F(0 0) = 1632.00, CuKa radiation, X = 1.54178 Ä, |i(CuKa) = 271.96 cm-1, T 
= 296 K, 3837 reflections measured, R; Rw 0.037; 0.041.
C26
Figure A6.2 Molecular structure o f [Au(CsdoH)2][AUCI4] showing the atom 
numbering scheme. Ellipsoids are drawn at the 50% probability level.
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A u (l) -N (ll) 1.95(1) Au(l)-N (12) 1.997(9)
A u(l)-N (21) 2.013(9) Au(l)-N (22) 1.98(1)
A u(2)-Cl(l) 2.289(3) Au(2)-Cl(2) 2.269(4)
Au(2)-Cl(3) 2.279(3) Au(2)-Cl(4) 2.290(4)
0 ( 1 1)-N(11) 1.31(1) 0(12)-N(12) 1.30(1)
0(21)-N (21) 1.33(1) 0(22)-N (22) 1.34(1)
N ( l l ) - C ( l l ) 1.33(1) N(12)-C(12) 1.28(2)
N(21)-C(21) 1.30(1) N(22)-C(22) 1.32(1)
C(11)-C(12) 1.47(2) C(11)-C(13) 1.48(2)
C(12)-C(18) 1.49(2) C(13)-C(14) 1.53(2)
C(14)-C(15) 1.52(2) C(15)-C(16) 1.52(2)
C(16)-C(17) 1.55(2) C(17)-C(18) 1.52(2)
C(21)-C(22) 1.49(2) C(21)-C(23) 1.51(2)
C(22)-C(28) 1.49(2) C(23)-C(24) 1.49(2)
C(24)-C(25) 1.54(2) C(25)-C(26) 1.52(2)
C(26)-C(27) 1.54(2) C(27)-C(28) 1.52(2)
N( 11)-N(12) 2.54(1) N(11)-N(21) 3.05(1)
N(21)-N(22) 2.53(1) N(12)-N(22) 3.06(1)
0 ( 1 1)-0(21) 2.64(1) 0(12)-0(22) 2.67(1)
0(21)-H (21) 1.08 0(22)-H (22) 1.05
0 ( 1 1)-H(21) 1.65 0(12)-H (22) 1.73
Table A6.2.1 Selected interatomic distances (A.) for [Au(CsdoH)2 ][AuCl4 ].
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N(11)-A u(l)-N (12) 80.1(4) N (11)-Au(l)-N(21) 100.3(4)
N (ll)-A u(l)-N (22 ) 178.8(4) N (12)-Au(l)-N(21) 177.9(4)
N(12)-A u(l)-N (22) 100.8(4) N (21)-Au( 1 )-N (22) 78.6(4)
Cl(l)-Au(2)-Cl(2) 89.8(1) Cl(l)-Au(2)-Cl(3) 178.7(1)
Cl(l)-Au(2)-Cl(4) 90.6(1) Cl(2)-Au(2)-Cl(3) 90.0(1)
Cl(2)-Au(2)-Cl(4) 179.7(1) Cl(3)-Au(2)-Cl(4) 89.6(1)
A u (l)-N (ll)-0 (1 1 ) 119.5(7) A u (l) -N (ll) -C ( ll) 116.2(8)
0 ( 1 1)-N(11)-C(11) 124(1) A u(l)-N (12)-0(12) 119.4(8)
A u(l)-N(12)-C(12) 115.2(9) 0(12)-N(12)-C(12) 125(1)
A u(l)-N (21)-0(21) 122.2(8) Au( 1 )-N (21 )-C (21) 115.7(8)
0(21)-N(21)-C(21) 122.1(10) Au( 1 )N(22)-0(22) 122.3(8)
A u(l)-N(22)-C(22) 119.1(8) 0(22)-N(22)-C(22) 118(1)
N (ll) -C (ll)-C (1 2 ) 112(1) N (ll) -C (ll)-C (1 3 ) 121(1)
C (12)-C (ll)-C (13) 125(1) N (12)-C(12)-C(l 1) 115(1)
N(12)-C(12)-C(18) 122(1) C(11)-C(12)-C(18) 121(1)
C (ll)-C (13)-C (14) 113(1) C(13)-C(14)-C(15) 116(1)
C( 14)-C( 15)-C( 16) 116(1) C(15)-C(16)-C(17) 115(1)
C(16)-C(17)-C(18) 116(1) C(12)-C(18)-C(17) 111(1)
N (21 )-C(21 )-C(22) 115(1) N(21)-C(21)-C(23) 122(1)
C(22)-C(21)-C(23) 120(1) N (22)-C(22)-C(21) 110(1)
N(22)-C(22)-C(28) 124(1) C(21)-C(22)-C(28) 124(1)
C(21)-C(23)-C(24) 110(1) C(23)-C(24)-C(25) 113(1)
C(24)-C(25)-C(26) 115(1) C(25)-C(26)-C(27) 115(1)
C(26)-C(27)-C(28) 117(1) C(22)-C(28)-C(27) 112(1)
N(21)-0(21)-H (21) 111.6 N (22)-0(22)-H(22) 113.2
0(21)-H (21)-0(11) 149.5 0(22)-H (22)-0( 12) 145.7
Table A6.2.2 Selected interatomic angles (°) for [Au(CsdoH)2][AuCl4].
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Appendix 6.3
[Ni(C12doH)2] [Pd(Ci2doH)2] [Pt(Ci2doH)2]
Empirical Formula C24H42N404Ni C24H42N4 0 4Pd C24H42N4C>4Pt
Formula Weight 509.31 557.02 645.70
Crystal Colour, 
Habit
orange plate yellow needle orange needle
Crystal System triclinic triclinic triclinic
Space Group P\ (#2) PI (#2) P i  (#2)
a, Ä 4.7926(4) 4.785(2) 4.756(9)
b, A 9.0693(6) 9.035(1) 9.045(10)
0
c, A 14.7666(10) 14.949(1) 15.031(11)
a , 0 84.1(1) 84.832(8) 85.14(8)
ß,‘ 82.69(1) 83.25(2) 83.17(10)
Y»° 75.94(1) 77.72(2) 78.64(13)
V,A3 615.8(1) 625.7(2) 628 (4)
Z 1 1 1
Radiation MoKcc C uK a C uK a
p(C u/M oK a),
cm-1
14.0 62.74 75.5
Crystal
Dimensions, mm
0.58 x 0.36 
x 0.07
0.13 x 0.05 
x 0.04
0.513 x 0.103 
x 0.103
X, A 0.71093 1.54178 1.5418
Unique Reflections 1940 - 1878
Variables 152 156 153
R; Rw 0.038; 0.066 0.032; 0.035 0.048; 0.062
F(000) 274 292 324
Table A6.3.1 Crystal data fo r  [Mu (Ci2doH)2] complexes, 
M  = Ni,11 Pd, Pt at 296 K.
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P d (l)-N (l) 1.955(3) P d (l)-N (l) 1.955(3)
Pd(l)-N (2) 1.965(4) Pd(l)-N (2) 1.965(4)
0(1)-N (1) 1.364(5) 0(2)-N (2) 1.319(4)
N (l)-N (2) 2.497(5) N (l)-N (2*) 3.023(5)
N (l)-C (l) 1.285(6) N(2)-C(2) 1.301(5)
C (l)-C (2) 1.491(6) C (l)-C(3) 1.509(6)
C(2)-C(12) 1.513(7) C(3)-C(4) 1.524(8)
C(4)-C(5) 1.531(6) C(5)-C(6) 1.542(7)
C(6)-C(7) 1.539(8) C(7)-C(8) 1.518(8)
C(8)-C(9) 1.545(8) C(9)-C(10) 1.511(7)
C (10 )-C (ll) 1.520(6) C(11)-C(12) 1.543(7)
0(1)-H (1) 0.97(5) 0 (2*)-H (l) 1.68(5)
0 (l) -0 (2 * ) 2.642(5)
Table A6.3.2 Selected interatomic distances (Ä) for [Pd(Cj2doH)2].
N (l)-P d(l)-N (2) 79.1(1) N (l)-Pd(l)-N (2) 100.9(1)
N (l)-P d (l)-N (2 ) 100.9(1) N (l)-P d(l)-N (2) 79.1(1)
N (l)-P d (l)-N (l) 180.0 N (2)-Pd(l)-N (2) 180.0
P t(l)-N (l)-0 (1 ) 122.5(3) P d (l)-N (l)-C (l) 117.9(3)
0(1)-N (1)-C(1) 119.6(1) Pd(l)-N (2)-0(2) 120.2(3)
Pt(l)-N (2)-C(2) 117.2(3) 0(2)-N(2)-C(2) 122.6(4)
N (l)-C (l)-C (2 ) 113.2(4) N (l)-C (l)-C (3) 122.8(4)
C (2)-C(l)-C(3) 124.0(4) N (2)-C(2)-C(l) 112.6(4)
N(2)-C(2)-C(12) 120.7(4) C(l)-C(2)-C(12) 126.7(4)
C (l)-C(3)-C(4) 113.2(4) C(3)-C(4)-C(5) 114.3(4)
C(4)-C(5)-C(6) 114.1(4) C(5)-C(6)-C(7) 112.8(5)
C(6)-C(7)-C(8) 114.3(5) C(7)-C(8)-C(9) 114.3(4)
C(8)-C(9)-C(10) 114.7(5) C (9)-C (10)-C (ll) 113.5(5)
C(10)-C(l 1)-C(12) 114.9(4) C (2)-C (12)-C (ll) 112.4(4)
Table A6.3.3 Selected interatomic angles ( °) for [Pd(C]2doH)2].
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P t(l)-N (l) 1.956(9)
P t(l)-N (2) 1.972(9)
0(1)-N (1) 1.377(11)
N (l)-N (2) 2.49
N (l)-C (l) 1.328(14)
C (l)-C (2) 1.49(2)
C(2)-C(12) 1.48(2)
C(4)-C(5) 1.53(2)
C(6)-C(7) 1.54(2)
C(8)-C(9) 1.53(2)
C (10 )-C (ll) 1.54(2)
P t(l)-N (l) 1.956(9)
Pt(l)-N (2) 1.972(9)
0(2)-N (2) 1.325(11)
N (l)-N (2*) 3.03
N(2)-C(2) 1.319(14)
C(l)-C(3) 1.485(14)
C(3)-C(4) 1.54(2)
C(5)-C(6) 1.52(2)
C(7)-C(8) 1.51(2)
C(9)-C(10) 1.51(2)
C (il)-C (12) 1.53(2)
Table A6.3.4 Selected interatomic distances (Ä) for [Pt(Cj2doH)2].
N (l)-P t(l)-N (2) 79.0(3) N (l)-P t(l)-N (2) 101.0(3)
N (l)-P t(l)-N (2) 101.0(3) N (l)-P t(l)-N (2) 79.0(3)
N (l)-P t( l)-N (l) 180.0 N (2)-Pt(l)-N (2) 180.0
P t( l)-N (l)-0 (1 ) 122.8(6) P i( l)-N (l)-C (l) 119.2(7)
0(1)-N (1)-C(1) 119(1) P t(l)-N (2)-0(2) 122.8(8)
Pt(l)-N (2)-C(2) 117.1(7) 0(2)-N (2)-C(2) 126(1)
N (l)-C (l)-C (2 ) 113.3(8) N (l)-C (l)-C (3) 122.8(10)
C (2)-C(l)-C(3) 127.0(9) N (2)-C(2)-C (l) 111.4(9)
N(2)-C(2)-C(12) 122.8(10) C(l)-C(2)-C(12) 125.8(9)
C (l)-C(3)-C(4) 114.3(9) C(3)-C(4)-C(5) 114.1(10)
C(4)-C(5)-C(6) 114.0(10) C(5)-C(6)-C(7) 115.5(11)
C(6)-C(7)-C(8) 115.5(11) C(7)-C(8)-C(9) 115.0(11)
C(8)-C(9)-C(10) 115.7(12) C (9)-C (10)-C (ll) 115.4(11)
C (10)-C (ll)-C (12) 114.3(10) C (2)-C (12)-C (ll) 114.1(9)
Table A6.3.5 Selected interatomic angles (°) for [Pt(Cj2doH)2]-
Note: The X-ray crystallographic data for [Pt(Ci2doH)2 was collected by Dr. S. Colmanet 
of the University of Melbourne, Australia.
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Appendix 6.4
[ P t ( C 8d o H ) 2C l] 2a t P t ( C i 2 d o H ) 2C l ] 2i’
Empirical Formula C 32 H 5 2 C l2 N 8P t 2 0 8 C 4 8 H 8 0 C l2 N g O 8 P t2
Formula Weight 1137.84 1358.29
Crystal Colour, 
Habit
orange needle yellow needle
Crystal System monoclinic monoclinic
Space Group P2i/n (#14) C2/c (#15)
a, Ä 17.081(2) 15.236(5)
b, A 11.992(2) 26.455(3)
c, Ä 18.589(2) 15.542(4)
ß ,° 90.21(1) 118.01(2)
V ,Ä 3 3807.7(2) 5531(2)
Z 4 4
Dcaic, gem '3 1.985 1.631
p(C uK a), cm -1 156.6 103.4
Radiation CuKcc C uK a
Crystal 0.09 x 0.07 0.04 x 0.01
Dimensions, mm x 0.26 x 0.18
X, A 1.54178 1.54178
Unique Reflections 919 4234
Variables 468 307
R; Rw 0.037; 0.044 0.036; 0.032
F(000) 2216 2712
Table A6.4.1 Crystal data for the Ptni dioximato complexes [Ptm (CsdoH)2Cl]2 and 
[PtIII(C i2doH)2Cl]2 at 298 K. a R ef170 b This work.
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Pt(l)-P t(2) 2.708(1) P t(l)-C l(l) 2.386(6)
Pt( 1 )-N( 111) 1.975(9) Pt( 1 )-N( 111) 1.975(9)
Pt( 1)-N( 112) 1.997(9) P t(l)-N (l 12) 1.997(9)
Pt(2)-Cl(2) 2.364(6) Pt(2)-N(211) 2.00(1)
Pt(2)-N (211) 2.00(1) Pt(2)-N(212) 1.987(9)
Pt(2)-N(212) 1.987(9) 0 (  111)-N( 111) 1.38(1)
0(112)-N(112) 1.32(1) 0(211)-N(211) 1.30(1)
N( 111)-C(111) 1.27(1) N(112)-C(112) 1.32(1)
0(212)-N(212) 1.37(1) C (111)-C(112) 1.47(2)
C (111)-C(113) 1.48(2) N(211)-C(211) 1.32(1)
N(212)-C(212) 1.28(1) C(112)-C(122) 1.49(1)
C(113)-C(114) 1.56(2) C(114)-C(115) 1.48(2)
C(115)-C(116) 1.50(2) C(116)-C(117) 1.50(3)
C(117)-C( 118) 1.50(6) C (117)-C(118') 1-34(5)
C (118)-C( 118') 1.03(6) C(118)-C(119) 1.52(5)
C(118')-C( 119) 1.56(5) C(119)-C(120') 1.45(3)
C(119)-C(120) 1.61(6) C(120')-C(120) 1.23(6)
C(120’)-C(121) 1.48(3) C(120)-C(121) 1.32(5)
C(121)-C(122) 1.54(2) C(211)-C(212) 1.49(2)
C(211)-C(213) 1.50(2) C(212)-C(222) 1.48(2)
C(213)-C(214) 1.51(2) C(214)-C(215) 1.51(2)
C(215)-C(216) 1.52(2) C(216)-C(217) 1.48(2)
C(217)-C(218) 1.39(4) C(217)-C(218') 1.42(5)
C(218)-C(218') 0.82(6) C(218)-C(219) 1.62(4)
C(218')-C(219) 1.50(5) C(219)-C(220') 1.44(5)
C(219)-C(220) 1.60(3) C(220')-C(220) 1.15(6)
C(220')-C(221) 1.53(6) C(220)-C(221) 1.40(3)
C(221)-C(222) 1.53(2) 0(211)-0(212) 2.60(1)
0 (1 1 1)-0(112) 2.64(1) N(211)-N(212) 2.55(1)
N (111)-N( 112) 2.50(1) N(211)-N(212) 3.06(1)
N (111)-N(112) 3.08(1)
Table A6.4.2 Selected interatomic distances (Ä) for [Pt(C]2doH)2Cl]2-
Chapter 6 261
Pt(2)-P t(l)-C l(l) 180.0 P t(2 )-P t( l)-N (lll) 91.3(3)
Pt(2)-P t(l)-N (l 11) 91.3(3) P t(2)-P t(l)-N (l 12) 91.7(3)
Pt(2)-P t(l)-N (l 12) 91.7(3) C l(l)-P t(l)-N (l 11) 88.7(3)
C l(l)-P t(l)-N (l 11) 88.7(3) C l(l)-P t(l)-N (l 12) 88.3(3)
Cl( 1 )-Pt( 1 )-N( 112) 88.3(3) N (111)-P t(l)-N (l 11) 177.4(6)
N( 111 )-Pt( 1 )-N( 112) 78.2(4) N (lll)-P t(l)-N (1 1 2 ) 101.7(4)
N( 111 )-Pt( 1 )-N( 112) 101.7(4) N (111)-P t(l)-N (l 12) 78.2(4)
N (112)-P t(l)-N (l 12) 176.5(6) Pt(l)-Pt(2)-Cl(2) 180.0
Pt(l)-P t(2)-N (211) 92.5(3) P t(l)-P t(2)-N (211) 92.5(3)
Pt( 1 )-Pt(2)-N (212) 92.6(3) Pt(l)-Pt(2)-N (212) 92.6(3)
Cl(2)-Pt(2)-N(211) 87.5(3) Cl(2)-Pt(2)-N(211) 87.5(3)
Cl(2)-Pt(2)-N (212) 87.4(3) Cl(2)-Pt(2)-N(212) 87.4(3)
N (211)-Pt(2)-N(211) 175.0(6) N(211)-Pt(2)-N(212) 79.4(4)
N(211)-Pt(2)-N(212) 100.4(4) N(211)-Pt(2)-N(212) 100.4(4)
N(211)-Pt(2)-N(212) 79.4(4) N (212)-Pt(2)-N (212) 174.9(6)
Pt( 1 )-N( 111)-0( 111) 121.7(7) Pt( 1 )-N( 111 )-C( 111) 118.0(9)
0 (1 1 1)-N(111)-C(111) 119(1) P t(l)-N (l 12)-0(112) 117.7(7)
Pt( 1 )-N (112)-C( 112) 116.5(8) 0 (  112)-N( 112)-C( 112) 126(1)
N (111)-C(111)-C(112) 114(1) N ( l l l ) - C ( l l l ) - a i l 3 ) 124(1)
C( 112)-C( 111 )-C( 113) 122(1) Pt(2)-N (211)-0(211) 119.8(8)
Pt(2)-N (211 )-C (211) 114.6(9) 0 (2 1 1)-N(211)-C(211) 125(1)
Pt(2)-N (212 )-0 (2 12) 119.5(8) Pt(2)-N(212)-C(212) 117.7(9)
0 (2 1 2)-N (212)-C(212) 122(1) N(112)-C(112)-C(111) 113(1)
N(112)-C( 112)-C(122) 118(1) C (111)-C(112)-C(122) 129(1)
C( 111)-C(113)-C(114) 112(1) N(211)-C(211)-C(213) 120(1)
C(212)-C(211)-C(213) 125(1)
N(212)-C(212)-C(211) 113(1) N (212)-C(212)-C(222) 121(1)
Table A6.4.3 Selected interatomic angles ( °) for [Pt(Cj2doH)2Cl]2-
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A ppendix 6.5
[P t(C 8d o H )2C l2]a [P t(C 8d o H )2B r2]<’
Empirical Formula C i6 H 2 6 C l2N 4 0 4 P t C i6 H 2 6 B r 2 N 4 0 4 P t
Formula Weight 604.40 693.30
Crystal Colour, 
Habit
orange fibre orange needle
Crystal System triclinic triclinic
Space Group P I (#2) P i  (#2)
a, Ä 7.692(1) 7.709(1)
b, A 8.272(3) 8.344(1)
0
c, A 9.703(2) 9.800(1)
a , 0 65.35(2) 64.99(1)
ß ,° 73.22(2) 72.95(1)
Y» ° 65.36(2) 65.30(1)
V ,A 3 505.1(3) 513.8
z 1 1
p(C uK a), cm _1 151.96 177.8
Crystal 0 .1 6 x 0 .0 2 0.19 x 0.10
Dimensions, mm x 0.08 x 0.16
X, A 1.54178 1.5418
Unique Reflections 1495 1683
Variables 124 164
R; Rw 0.032; 0.034 0.021; 0.031
F(000) 294 330
Table A6.5.1 Crystal data for the [PtIV( CsdoH)2^2l complexes (X = Cl, Br) at
298 K.
a This work. b R. G. Raptis, unpublished results.
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P t(l)-C l(l) 2.313(2)
P t(l)-N (l) 2.005(6)
Pt(l)-N (2) 1.977(9)
0(1)-N(1) 1.28(1)
N (l)-C (l) 1.32(1)
C (l)-C(2) 1.48(1)
C(2)-C(8) 1.49(2)
C(4)-C(5) 1.53(2)
C(6)-C(7) 1.50(2)
N (l)-N (2) 2.511(9)
0 (l)-0 (2 * ) 2.694(8)
0(2)-H(2) 1.06
P t(l)-C l(l) 2.313(2)
P td ) -N (l) 2.005(6)
Pt(l)-N (2) 1.977(9)
0(2)-N (2) 1.38(1)
N(2)-C(2) 1.269(9)
C(l)-C(3) 1.49(1)
C(3)-C(4) 1-51(1)
C(5)-C(6) 1.54(1)
C(7)-C(8) 1.51(1)
N (l)-N (2*) 3.091(9)
0(1*)-H (2) 1.65
Table A6.5.2 Selected interatomic distances (Ä) for [Pt(CsdoH)2Cl2].
C l(l)-P t(l)-C l(l) 180.0 C l(l)-P t(l)-N (l) 90.8(2)
C l(l)-P t(l)-N (l) 89.2(2) C l(l)-P t(l)-N (2) 91.0(2)
C l(l)-P t(l)-N (2) 89.0(2) C l(l)-P t(l)-N (l) 89.2(2)
C l(l)-P t(l)-N (l) 90.8(2) C l(l)-P t(l)-N (2) 89.0(2)
C l(l)-P t(l)-N (2) 91.0(2) N (l)-P t( l)-N (l) 180.0
N (l)-P t(l)-N (2) 78.2(3) N (l)-P t(l)-N (2) 101.8(3)
N (l)-P t(l)-N (2) 101.8(3) N (l)-P t(l)-N (2) 78.2(3)
N (2)-Pt(l)-N (2) 180.0 P t(l)-N (l)-0 (1 ) 119.3(6)
P td ) -N (l) -C d ) 116.0(6) O d )-N ( l) -C d ) 124.6(6)
P t(l)-N (2)-0(2) 121.5(5) Pt(l)-N (2)-C(2) 118.9(7)
0(2)-N(2)-C(2) 119.5(9) N (l)-C (l)-C (2) 113.3(6)
N (l)-C (l)-C (3) 122.5(9) C(2)-C(l)-C(3) 124.2(9)
N (2)-C(2)-C(l) 113.6(9) N(2)-C(2)-C(8) 125.0(9)
C(l)-C(2)-C(8) 121.4(6) C (l)-C(3)-C(4) 113.8(6)
C(3)-C(4)-C(5) 116.4(9) C(4)-C(5)-C(6) 115.7(9)
C(5)-C(6)-C(7) 114.6(7) C(6)-C(7)-C(8) 116(1)
C(2)-C(8)-C(7) 110.9(8) 0 (2 )-H (2)-0 (l* ) 169.4
Table A6.5.3 Selected interatomic angles (°) for [Pt(CgdoH)2Cl2].
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Pt( 1 )-Br( 1) 2.4545(4)
P t( l)-N (l) 1.990(4)
Pt(l)-N (2) 2.005(6)
0(1)-N (1) 1.364(6)
N (l)-C (l) 1.286(4)
C (l)-C (2) 1.458(7)
C(2)-C(8) 1.503(5)
C(4)-C(5) 1.523(9)
C(6)-C(7) 1.513(8)
N (l)-N (2) 2.52
0(1*)-H (2) 1.83(6)
0 (l) -0 (2 * ) 1.688(5)
P t(l)-B r(l) 2.4545(4)
P t( l)-N (l) 1.990(4)
Pt(l)-N (2) 2.005(6)
0(2)-N (2) 1.308(6)
N(2)-C(2) 1.306(6)
C (l)-C(3) 1.490(7)
C(3)-C(4) 1.535(5)
C(5)-C(6) 1.537(7)
C(7)-C(8) 1.542(6)
N (l)-N (2*) 3.10
0(2)-H (2) 0.86(5)
Table A6.5.4 Selected interatomic distances (A) for [Pt(CgdoH)2Br2].
B r(l)-P t(l)-B r(l) 180.0 B r(l)-P t( l)-N (l) 90.74(8)
B r(l)-P t( l)-N (l) 89.26(8) B r(l)-P t(l)-N (2) 90.46(8)
B r(l)-P t(l)-N (2) 89.54(8) N (l)-P t( l)-N (l) 180.0
N (l)-P t(l)-N (2) 78.2(2) N (l)-P t(l)-N (2) 101.8(2)
N (l)-P t(l)-N (2) 101.8(2) N (l)-P t(l)-N (2) 78.2(2)
N (2)-Pt(l)-N (2) 180.0 P t(l)-N (l)-0 (1 ) 121.9(2)
P td ) -N d )-C (l) 117.4(4) O d )-N ( l) -C d ) 120.7(4)
P t(l)-N (2)-0(2) 118.4(3) Pt(l)-N (2)-C(2) 116.0(3)
0(2)-N(2)-C(2) 125.5(3) N (l)-C (l)-C (2 ) 114.2(4)
N (l)-C (l)-C (3) 123.3(5) C(2)-C(l)-C(3) 122.4(3)
N (2)-C(2)-C(l) 114.2(3) N(2)-C(2)-C(8) 121.6(5)
C(l)-C(2)-C(8) 122.4(4) C (l)-C(3)-C(4) 110.9(4)
C(3)-C(4)-C(5) 115.5(4) C(4)-C(5)-C(6) 117.2(4)
C(5)-C(6)-C(7) 116.0(4) C(6)-C(7)-C(8) 113.9(3)
C(2)-C(8)-C(7) 110.9(8) 0 (2 )-H (2)-0 (l* ) 171(7)
Table A6.5.5 Selected interatomic angles (°) for [Pt(CgdoH)2Br2]•
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Appendix 6.6
[Ru(Ci2doH)2(PPh3)2] [Rh(C8doH)2(Cl)(PPh3)]
2CHC13
E m pirical Form ula C 62H 74CI6N 4O 4P2RU C 34H 4 iC lN 4 0 4PRh
Form ula W eigh t 1 3 1 5 .0 3 7 3 9 .0 5
C rystal C olour, 
Habit
red/orange prism orange cube
C rystal S ystem m onoclin ic m on oclin ic
S p a ce  G roup P 2 i/c  (# 1 4 ) P 2 i/n  (# 1 4 )
a, A 1 0 .8 3 5 (5 ) 9 .9 9 8 (2 )
b, A 1 5 .3 1 9 (4 ) 1 6 .5 3 0 (2 )
0
c , A 1 8 .9 8 4 (4 ) 2 0 .3 3 8 (2 )
ß,° 1 0 3 .5 7 (3 ) 9 2 .2 1 (1 )
V , A 3 3 0 6 3 (2 ) 3 3 5 8 .8 (8 )
Z 2 4
D calo £cm "3 1 .4 2 6 1 .4 6 1
Radiation C u K a C u K a
p (M o K a ) , c m -1 6 .2 0 5 7 .5 1
Crystal 0 . 1 2 x 0 . 1 2 0 . 1 4 x 0 . 1 0
D im en sio n s , m m x 0 .0 4 x  0 .1 5
X, A 1 .5 4 1 7 8 1 .5 4 1 7 8
U n iq u e R eflection s 6 6 6 3 5 2 1 6
V ariables 52 5 4 1 5
R; R w 0 .0 3 5 ; 0 .0 3 0 0 .0 3 4 ;  0 .0 3 3
F (0 0 0 ) 2 9 4 1068
Table A6.6.1 Crystal data for the six-coordinate dioximato complexes 
[Ru(C 12doH)2(PPhs)2] and [Rh(C8doH)2(Cl)(PPh3)] at 298 K.
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R u (l)-P (l) 2.426(2) R u (l)-P (l) 2.426(2)
R u (l)-N (l) 1.987(5) R u (l)-N (l) 1.987(5)
R u(l)-N (2) 2.035(5) R u(l)-N (2) 2.035(5)
P(D-C(19) 1.844(6) P(l)-C (25) 1.838(6)
0(1)-N (1) 1.388(6) 0(2)-N (2) 1.321(6)
N (l)-C (l) 1.306(7) N(2)-C(2) 1.318(7)
C (l)-C (2) 1.467(8) C(l)-C(3) 1.508(9)
C(2)-C(12) 1.513(8) C(3)-C(4) 1.529(9)
C(4)-C(5) 1.51(1) C(5)-C(6) 1.54(1)
C(6)-C(7) 1.54(1) C(7)-C(8) 1.48(1)
C(8)-C(9) 1.50(1) C(9)-C(10) 1.51(1)
C (10)-C (ll) 1.52(1) C(11)-C(12) 1.54(1)
C(13)-C(14) 1.350(9) C(13)-C(18) 1.382(9)
C(14)-C(15) 1.386(9) C(15)-C(16) 1.36(1)
C(16)-C(17) 1.35(1) C(17)-C(18) 1.381(9)
C(19)-C(20) 1.382(8) C(19)-C(24) 1.373(9)
C(20)-C(21) 1.377(9) C(21)-C(22) 1.38(1)
C(22)-C(23) 1.34(1) C(23)-C(24) 1.395(9)
C(25)-C(26) 1.391(8) C(25)-C(30) 1.384(9)
C(26)-C(27) 1.392(9) C(27)-C(28) 1.37(1)
C(28)-C(29) 1.36(1) C(29)-C(30) 1.376(8)
0(1)-H (1) 1.10 0 ( l) -0 (2 ) 2.914(6)
Table A6.6.2 Selected interatomic distances (A) for [Ru(Ci2doH)2(PPhs)2].
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P (l)-R u (l)-P (l) 180.0 P (l)-R u (l)-N (l) 90.8(1)
P (l)-R u (l)-N (l) 89.2(1) P (l)-R u(l)-N (2) 94.2(1)
P (l)-R u(l)-N (2) 85.8(1) P (l)-R u (l)-N (l) 89.2(1)
P (l)-R u (l)-N (l) 90.8(1) P (l)-R u(l)-N (2) 85.8(1)
P (l)-R u(l)-N (2) 94.2(1) N (l)-R u (l)-N (l) 180.0
N (l)-R u(l)-N (2) 76.1(2) N (l)-R u(l)-N (2) 103.9(2)
N (l)-R u(l)-N (2) 103.9(2) N (l)-R u(l)-N (2) 76.1(2)
N (2)-Ru(l)-N (2) 180.0 Ru(1)-P(1)-C(13) 122.9(2)
R u(l)-P(l)-C (19) 113.4(2) R u(l)-P(l)-C (25) 113.7(2)
C(13)-P(l)-C(19) 98.8(3) C(13)-P(l)-C(25) 100.8(3)
C(19)-P(l)-C(25) 104.8(3) R u (l)-N (l)-0 (1 ) 123.9(4)
R u (l)-N (l)-C (l) 120.6(4) 0(1)-N(1)-C(1) 115.5(5)
R u(l)-N (2)'0 (2 ) 121.1(4) Ru(l)-N (2)-C(2) 117.9(4)
0(2)-N(2)-C(2) 121.0(5) N (l)-C (l)-C (2) 112.3(6)
N (l)-C (l)-C (3) 122 . 1(6 ) C(2)-C(l)-C(3) 125.5(6)
N(2)-C(2)-C(12) 121.3(6) C(l)-C(2)-C(12) 125.4(6)
C(l)-C(3)-C(4) 113.7(6) C(3)-C(4)-C(5) 115.5(7)
C(4)-C(5)-C(6) 112.9(8) C(5)-C(6)-C(7) 112.5(9)
C(6)-C(7)-C(8) 118.1(8) C(7)-C(8)-C(9) 114(1)
C(8)-C(9)-C(10) 115.4(9) C (9)-C (10)-C (ll) 113.8(8)
C (10)-C (ll)-C (12) 113.8(7) C(2)-C(12)-C(l 1) 114.7(6)
P(l)-C(13)-C(14) 123.2(6) P(l)-C(13)-C(18) 119.2(6)
P(l)-C(25)-C(30) 120.0(5) 0 (l) -H (l)-0 (2 ) 164.2
Table A6.6.3 Selected interatomic angles (°) fo r  [Ru(C72doH)2 (PPhj)2].
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R h(l)-C l(l) 2.381(1) R h (l)-P (l) 2.351(1)
R h (l)-N (ll) 1.997(3) Rh(l)-N (12) 1.996(3)
Rh(l)-N (21) 1.987(3) Rh(l)-N (22) 1.983(3)
P(D-C(31) 1.818(5) P(l)-C (41) 1.827(5)
P(l)-C (32) 2.783(6) P(D-C(36) 2.809(5)
P(l)-C (51) 1.834(5) 0 ( 1 1)-N(11) 1.394(5)
0(12)-N(12) 1.327(5) 0(21)-C(21) 2.312(5)
0(22)-N(22) 1.386(5) N ( l l ) -C ( l l ) 1.265(6)
N(12)-C(12) 1.302(6) N(21)-C(21) 1.306(6)
N(22)-C(22) 1.267(6) C(11)-C(12) 1.476(6)
C(11)-C( 13) 1.490(6) C(12)-C(18) 1.485(6)
C(13)-C(14) 1.543(8) C(14)-C(15) 1.542(8)
C(15)-C(16) 1.516(8) C(16)-C(17) 1.531(8)
C(17)-C(18) 1.527(7) C(21)-C(22) 1.476(6)
C(21)-C(23) 1.489(6) C(22)-C(28) 1.497(6)
C(23)-C(24) 1.523(7) C(24)-C(25) 1.531(8)
C(25)-C(26) 1.478(9) C(26)-C(27) 1.552(8)
C(27)-C(28) 1.523(7) 0(22)-H(22) 1.09(5)
0(1 l) -H ( ll) 1.01(5) 0(12)-H (22) 1.56(5)
0(21)-H (11) 1.67(5) 0(12)-0(22) 2.652(4)
0 (1 1)-0(21) 2.672(4)
Table A6.6.4 Selected interatomic distances (A) for [Rh(CsdoH)2(Cl)(PPhs)].
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C l(l)-R h (l)-P (l) 176.34(4) C l(l)-R h(l)-N (l 1) 85.8(1)
C l(l)-R h(l)-N (12) 85.9(1) C l(l)-R h(l)-N (21) 87.1(1)
C l(l)-R h(l)-N (22) 88.0(1) P (l)-R h (l)-N (l 1) 95.5(1)
P (l)-R h(l)-N (12) 97.7(1) P(l)-R h(l)-N (21) 89.3(1)
P(l)-R h(l)-N (22) 90.7(1) N (11)-Rh(l)-N (12) 77.6(1)
N (11)-Rh(l)-N (21) 102.0(1) N (11)-Rh(l)-N (22) 173.7(2)
N (12)-Rh(l)-N (21) 172.9(1) N (12)-Rh(l)-N (22) 101.1(1)
N (21 )-Rh( 1 )-N(22) 78.5(1) R h(l)-P(l)-C (31) 114.0(2)
R h(l)-P(l)-C (41) 110.3(1) R h(l)-P (l)-C (51) 118.7(2)
C(31)-P(l)-C(41) 105.5(2) C(31)-P(l)-C(51) 104.5(2)
C(41)-P(l)-C(51) 102.5(2) R h(l)-N (l l) -O ( ll) 119.8(3)
R h ( l) -N ( ll) -C ( ll) 118.4(3) 0(11)-N(11)-C(11) 121.4(4)
R h(l)-N (12)-0(12) 120.1(3) Rh(l)-N (12)-C(12) 116.7(3)
0(12)-N(12)-C(12) 122.5(4) R h(l)-N (21)-0(21) 120.1(3)
Rh(l)-N (21)-C(21) 116.5(3) 0(21 )-N (21 )-C (21) 123.2(4)
R h(l)-N (22)-0(22) 120.6(3) Rh( 1 )-N(22)-C(22) 117.5(3)
0(22)-N(22)-C(22) 121.9(4) N(11)-C(11)-C(12) 113.5(4)
N (ll) -C (ll)-C (1 3 ) 124.6(4) C(12)-C(l 1)-C(13) 122.0(4)
N(12)-C(12)-C(l 1) 113.7(4) N(12)-C(12)-C(18) 122.7(4)
C (ll)-C (12)-C (18) 123.2(4) N(21)-C(21)-C(22) 113.0(4)
N(21)-C(21)-C(23) 123.3(4) C(21)-C(22)-C(28) 121.5(4)
0(11)-H (11)-0(21) 176(4) 0(22)-H (22)-0( 12) 178(5)
Table A6.6.5 Selected interatomic angles ( °) for [Rh(CgdoH)2(Cl)(PPhs)].
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Appendix 6.7
[Ph4As][Rh(C8doH)2Cl2] [Ph4As][Ir(C8doH)2Cl2]
•HCICHCI3 HCl CHCI3
Empirical Formula C 4 1 H4 8 ASCI6 N 4 O 4 RI1 C 4 1H 4 8  ASCI6 F N 4 O 4
Form ula W eight 1051.40 1140.71
Crystal Colour, 
Habit
yellow plate orange/brow n prism
Crystal System triclinic triclinic
Space Group P\ (#2) P\ (#2)
a, A 12.889(2) 12.901(4)
b , A 13.118(2) 13.120(5)
c, Ä 14.838(3) 14.848(6)
a ,  0 69.54(1) 69.55(3)
p . ‘ 73.33(1) 73.42(3)
Y> ° 88.27(1) 88.25(3)
V, Ä 3 505.1(3) 2250(2)
Z 2 2
£>calo gem *3 1.555 1.683
Radiation C u K a M oK a
p(C u/M oK a), cm -1 75.42 41.05
Crystal 0 . 1 2 x 0 . 1 2 0 .1 4 x 0 .1 0
Dim ensions, mm x 0.04 x 0.15
X, A 1.54178 1.54178
Unique Reflections 6663 5216
Variables 525 415
R; Rw 0.035; 0.030 0.039; 0.030
F(000) 294 1068
Table A6.7.1 Crystal data for the isomorphous M111 dioximato complexes 
[Ph4As][Rh(CsdoH)2Cl2]-HCl and [Ph4As][Ir(C8doH)2Cl2] HCl at 298K.
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R h(l)-C l(l) 2.347(1) Rh(l)-Cl(2) 2.325(1)
R h (l)-N (ll) 2.056(5) Rh(l)-N (12) 1.988(3)
Rh(l)-N (21) 2.067(3) R h(l)-N (22) 1.989(5)
0(11 )-N( 11) 1.384(6) 0(12)-N(12) 1.330(6)
0(22)-N (22) 1.338(5) N ( l l ) -C ( l l ) 1.293(5)
N(11)-N(12) 2.522(5) N(21)-N(22) 2.516(5)
N (ll)-N (2 1 ) 3.384(5) N(12)-N(22) 2.954(5)
N(12)-C(12) 1.305(5) N(21)-C(21) 1.293(6)
N(22)-C(22) 1.301(6) C (ll)-C (12) 1.462(6)
C(11)-C(13) 1.493(6) C(12)-C(18) 1.492(6)
C(13)-C(14) 1.540(6) C(14)-C(15) 1.532(7)
C(15)-C(16) 1.523(7) C(16)-C(17) 1.515(7)
C(17)-C(18) 1.527(7) C(21)-C(22) 1.453(6)
C(21)-C(23) 1.506(6) C(22)-C(28) 1.489(7)
C(23)-C(24) 1.536(7) C(24)-C(25) 1.47(2)
C(25)-C(26) 1.40(2) C(26)-C(27) 1.64(2)
C(27)-C(28) 1.533(7) 0 (1 1)-0(21) 3.553(5)
0 ( 1 1)-H(11) 0.95(7) 0(21)-H(21) 0.93(5)
0(22)-H (22) 0.95(7)
Table A 6.7.2 Selected interatomic distances (A) for [Ph4As][Rh(C8doH)2Cl2] HCl.
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C l(l)-R h(l)-C l(2) 178.62(5) C l(l)-R h(l)-N (l 1) 88.4(1)
C l(l)-R h(l)-N (12) 91.1(1) C l(l)-R h(l)-N (21) 89.1(1)
C l(l)-R h(l)-N (22) 90.3(1) C l(2)-R h(l)-N (l 1) 90.2(1)
Cl(2)-Rh(l)-N (12) 88.7(1) Cl(2)-Rh(l)-N(21) 91.3(1)
Cl(2)-Rh( 1 )-N(22) 91.0(1) N (11)-Rh(l)-N (12) 77.1(1)
N (11)-Rh(l)-N (21) 110.3(1) N (ll)-R h(l)-N (22 ) 172.9(2)
N (12)-Rh(l)-N (21) 172.6(2) N (12)-Rh(l)-N (22) 95.9(2)
N (2 1 )-Rh( 1 )-N (22) 76.6(2) R h(l)-N (l 1)-C(11) 116.2(3)
0 ( 1 1)-N(11)-C(11) 115.4(4) Rh( 1 )-N( 12)-0( 12) 120.8(3)
Rh( 1 )-N (12)-C( 12) 118.4(3) 0(12)-N(12)-C(12) 120.7(4)
Rh( 1 )-N (21 )-0 (2 1) 128.4(3) Rh(l)-N (21)-C(21) 115.7(3)
0(21)-N(21)-C(21) 115.4(4) R h(l)-N (22)-0(22) 121.3(3)
Rh( 1 )-N(22)-C(22) 119.3(3) 0(22)-N  (22)-C(22) 119.4(4)
N(11)-C(11)-C(12) 114.3(4) N (ll) -C ( l 1)-C(13) 125.2(4)
C(12)-C(l 1)-C(13) 120.4(4) N (12)-C (12)-C (ll) 113.8(4)
N(12)-C(12)-C(18) 121.4(4) C (ll)-C (12)-C (18) 124.7(4)
C(11)-C(13)-C(14) 115.1(4) C(13)-C(14)-C(15) 117.5(4)
C (1 4 )-C (1 5 )-a i6 ) 115.8(4) C(15)-C(16)-C(17) 114.6(4)
C(16)-C(17)-C(18) 114.7(4) C(12)-C(18)-C(17) 110.3(4)
R h(l)-N (l 1 )-0 (11) 128.0(3) N(21)-C(21)-C(22) 115.1(4)
N(21)-C(21)-C(23) 123.5(5) C(22)-C(21 )-C(23) 121.3(4)
N(22)-C(22)-C(21) 113.2(4) N(22)-C(22)-C(28) 122.4(5)
C(21)-C(22)-C(28) 124.3(5) C(21)-C(23)-C(24) 112.2(5)
C(23)-C(24)-C(25) 118.1(8) C(24)-C(25)-C(26) 118(1)
C(25)-C(26)-C(27) 117(1) C(26)-C(27)-C(28) 109.0(7)
C(22)-C(28)-C(27) 112.0(5) 0(22)-H (22)-0( 12) 174.6
Table A6.7.3 Selected interatomic angles ( °) fo r  [Ph4As][Rh(CsdoH)2Cl2]-HCl.
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Ir(l)-C l(l) 2.338(2) Ir(l)-Cl(2) 2.353(2)
I rO )-N (ll) 2.063(5) Ir(l)-N (12) 1.985(8)
Ir(l)-N (21) 2.040(7) Ir(l)-N (22) 1.989(5)
N (ll)-N (1 2 ) 2.502(8) N(11)-N(21) 3.379(8)
N(21)-N(22) 2.497(8) N(12)-N(22) 2.958(8)
0 ( 1 1)-N(11) 1.384(7) 0(12)-N(12) 1.344(6)
0(21)-N (22) 1.347(6) 0(22)-N (21) 1.389(6)
N (11 )-C( 11) 1.293(8) N(12)-C(12) 1.295(8)
N(21)-C(21) 1.296(8) N(22)-C(22) 1.294(8)
C (ll)-C (12 ) 1.464(9) C (ll)-C (13) 1.51(1)
C(12)-C(18) 1.492(9) C(13)-C(14) 1.52(1)
C(14)-C(15) 1.48(1) C(15)-C(16) 1.21(2)
C(16)-C(17) 1.48(1) C(17)-C(18) 1.52(1)
C(21)-C(22) 1.459(9) C(21)-C(23) 1.493(9)
C(23)-C(24) 1.549(9) C(24)-C(25) 1.531(9)
C(25)-C(26) 1.57(1) C(26)-C(27) 1.533(9)
C(27)-C(28) 1.510(9) C(22)-C(28) 1.493(8)
oni)-H(ii) 1.14 0(12)-H(12) 1.23
0(22)-H (22) 1.07 0(12)-0(22) 2.434(7)
0 ( 1 1)-0(22) 2.736 Cl(3)-H(l 1) 2.244
Cl(3)-H(21) 1.967
Table A6.7.4 Selected interatomic distances (Ä)for [Ph4As][Ir(CsdoH)2Cl2]-HCl.
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C l(l)-Ir(l)-C l(2) 178.53(8) Cl( 1 )-Ir( 1 )-N( 11) 91.3(2)
Cl( 1 )-Ir( 1 )-N( 12) 91.0(2) C l(l)-Ir(l)-N (21) 90.3(2)
Cl( 1 )-Ir( 1 )-N (22) 88.8(2) C l(2)-Ir(l)-N (l 1) 88.8(2)
Cl(2)-Ir(l)-N (12) 90.4(2) Cl(2)-Ir(l)-N (21) 88.3(2)
Cl(2)-Ir(l)-N (22) 91.3(2) N (11)-Ir(l)-N (12) 76.3(2)
N (11)-Ir(l)-N (21) 110.9(2) N (11)-Ir(l)-N (22) 172.5(2)
N (12)-Ir(l)-N (21) 172.6(2) N (12)-Ir(l)-N (22) 96.2(2)
N (21)-Ir(l)-N (22) 76.6(2) I r ( l ) -N ( l l ) -0 (1 1) 127.6(4)
Ir(l)-N (l 1)-C(11) 116.5(5) 0(11)-N(11)-C(11) 115.6(6)
Ir(l)-N (12)-0(12) 121.0(4) Ir(l)-N (12)-C(12) 119.9(5)
0(12)-N(12)-C(12) 119.0(6) Ir(l)-N (21)-0(22) 128.1(4)
Ir( 1 )-N(21)-C(21) 116.7(5) 0(22)-N (21 )-C(21) 114.9(6)
Ir(l)-N (22)-0(21) 120.3(4) Ir(l)-N (22)-C(22) 119.4(5)
0(21)-N(22)-C(22) 120.3(6) N(11)-C(11)-C(12) 114.2(7)
N (ll) -C (ll)-C (1 3 ) 123.6(7) C (12)-C (ll)-C (13) 122.0(7)
N(12)-C(12)-C(l 1) 113.1(7) N(12)-C(12)-C(18) 123.2(7)
C(11)-C(12)-C(18) 123.6(7) C(11)-C(13)-C(14) 113.1(7)
C(13)-C(14)-C(l 5) 116.5(8) C(14)-C(15)-C(16) 140(1)
C(15)-C(16)-C(17) 140(2) C(16)-C(17)-C(18) 115.0(8)
C(12)-C(18)-C(17) 112.4(7) N (21 )-C (21 )-C(22) 114.4(6)
N (21 )-C (21 )-C(23) 124.8(7) C(22)-C(21)-C(23) 120.8(6)
N(22)-C(22)-C(21) 112.8(6) N(22)-C(22)-C(28) 122.4(6)
C(21)-C(22)-C(28) 124.7(6) C (21 )-C(23)-C(24) 116.1(6)
C(23)-C(24)-C(25) 116.5(6) C(24)-C(25)-C(26) 115.6(6)
C(25)-C(26)-C(27) 113.7(6) C(26)-C(27)-C(28) 114.8(6)
0 (  12)-H( 12)-0(22) 140.8
Table A6.7.5 Selected interatomic angles (°) for [Ph4As][Ir(CsdoH)2Cl2]-HCl.
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